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Answers To Chapter 1 In-Chapter Problems. 


1.1. The resonance structure on the right is better because every atom has its octet. 
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1.4. The O atom in furan has sp? hybridization. One lone pair resides in the p orbital and is used in 


resonance; the other resides in an sp? orbital and is not used in resonance. 


1.5. 


(a) No by-products. C(1—3) and C(6—9) are the keys to numbering. 
10 
Q 





(b) After numbering the major product, C6 and Br25 are left over, so make a bond between them and call 
it the by-product. 





1.6. (a) Make C4-012, C6-C11, C9-O12. Break C4-C6, C9-C11, C11-O12. 
(b) Make C8-N10, C9-C13, C12-Br24. Break O5-C6, C8-C9. 


1.7. PhC=CH is much more acidic than BuC=CH. Because the pkj of HO- is 15, PhC=CH has a pK, < 
23 and BuC=CH has pK, > 23. 
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1.8. The OH is more acidic (pK, = 17) than the C æ to the ketone (pK, = 20). Because the by-product of 
the reaction is HO, there is no need to break the O-H bond to get to product, but the C-H bond © to the 


ketone must be broken. 
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Answers To Chapter 1 End-Of-Chapter Problems. 
1. (a) Both N and O in amides have lone pairs that can react with electrophiles. When the O reacts with 


an electrophile E*, a product is obtained for which two good resonance structures can be drawn. When 


the N reacts, only one good resonance structure can be drawn for the product. 


Be + A E.. Le . e 
F O. O. P . O. 
reaction on O | reaction on N 
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(b) Esters are lower in energy than ketones because of resonance stabilization from the O atom. Upon 
addition of a nucleophile to either an ester or a ketone, a tetrahedral intermediate is obtained for which 
resonance is not nearly as important, and therefore the tetrahedral product from the ester is nearly the same 
energy as the tetrahedral product from the ketone. As a result it costs more energy to add a nucleophile to 


an ester than it does to add one to a ketone. 
(c) Exactly the same argument as in (b) can be applied to the acidity of acyl chlorides versus the acidity of 
esters. Note that Cl and O have the same electronegativity, so the difference in acidity between acyl 


chlorides and esters cannot be due to inductive effects and must be due to resonance effects. 


(d) A resonance structure can be drawn for 1 in which charge is separated. Normally a charge-separated 


structure would be a minor contributor, but in this case the two rings are made aromatic, so it is much 


OXI — O 


(e) The difference between 3 and 4 is that the former is cyclic. Loss of an acidic H from the yC of 3 


more important than normal. 


gives a structure for which an aromatic resonance structure can be drawn. This is not true of 4. 
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(f) Both imidazole and pyridine are aromatic compounds. The lone pair of the H-bearing N in imidazole 
is required to maintain aromaticity, so the other N, which has its lone pair in an sp? orbital that is perpen- 


dicular to the aromatic system, is the basic one. Protonation of this N gives a compound for which two 
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equally good aromatic resonance structures can be drawn. By contrast, protonation of pyridine gives an 


aromatic compound for which only one good resonance structure can be drawn. 


H H, H, 
O = i aa? 


(g) The C=C x bonds of simple hydrocarbons are usually nucleophilic, not electrophilic. However, when 
a nucleophile attacks the exocyclic C atom of the nonaromatic compound fulvene, the electrons from the 


C=C 7 bond go to the endocyclic C and make the ring aromatic. 


N) 5 -Nu Nu 
. —> . 
non-aromatic aromatic 


(h) The tautomer of 2,4-cyclohexadienone, a nonaromatic compound, is phenol, an aromatic compound. 


(i) Carbonyl groups C=O have an important resonance contributor CO. In cyclopentadienone, this 


resonance contributor is antiaromatic. 


[Common error alert: Many cume points have been lost over the years when graduate students used 


cyclohexadienone or cyclopentadienone as a starting material in a synthesis problem!] 


(j) PhOH is considerably more acidic than EtOH (pK,= 10 vs. 17) because of resonance stabilization of 
the conjugate base in the former. S is larger than O, so the S(p)—C(p) overlap in PhS~ is much smaller 
than the O(p)—C(p) overlap in PhO-. The reduced overlap in PhS- leads to reduced resonance stabiliza- 
tion, so the presence of a Ph ring makes less of a difference for the acidity of RSH than it does for the 
acidity of ROH. 


(k) Attack of an electrophile E* on C2 gives a carbocation for which three good resonance structures can 


be drawn. Attack of an electrophile E* on C3 gives a carbocation for which only two good resonance 


structures can be drawn. 
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2. (a) 
inductive electron-withdrawing 
effect of F is greater than Cl 
(b) 
C © In general, AH* is more 
+ . . 
N N acidic than AH 
H, H 
(c) 
Ketones are more 
acidic than esters 
(d) 
Deprotonation of 5-membered 
Ss ring gives aromatic anion; 
deprotonation of 7-membered 
ring gives anti-aromatic anion. 
(e) 


The N(spô) lone pair derived from deprotonation 


f N i ÑH, of pyridine is in ae energy orbital, hence more 
_ stable, than the N(sp”) lone pair derived from 


deprotonation of piperidine. 
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(f) 
Acidity increases as you move down a 
PH, NH, column in the periodic table due to 
increasing atomic size and hence worse 
overlap in the A-H bond 
(g) 
ak. ou The anion of phenylacetate 
is stabilized by resonance 
CO2Et CO2Et into the phenyl ring. 
(h) 
Anions of 1,3-dicarbonyl 
EOC COĻEt EOG AAN COLEt sean are stabilized 
y resonance into two 
carbonyl groups 
(i) 

OH The anion of 4-nitrophenol is stabilized 
by resonance directly into the nitro 
group. The anion of 3-nitrophenol can't 

ON ON og do this. Draw resonance structures to 
convince yourself of this. 
o^ -O 
\ \ 
/ / 
O O 
G) 
O O More electronegative atoms are more 
J J acidic than less electronegative atoms 
HC OH H3C NH, in the same row of the periodic table 
(k) 


C(sp) is more acidic than C(sp°), 
even when the anion of the latter can 
be delocalized into a Ph ring. 
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D 
O 
The anion of the latter cannot overlap 
with the C=O 7 bond, hence cannot 
delocalize, hence is not made acidic by 
the carbonyl group. 
(m) 
y this Catom The C(sp”)-H bond on the upper atom is the plane of the paper, 
orthogonal to the p orbitals of the C=O bond, so the C=O bond 
O provides no acidifying influence. The C(sp*)-H bonds on the 


- lower atom are in and out of the plane of the paper, so there is 
overlap with the C=O orbitals. 


3. 

(a) Free-radical. (Catalytic peroxide tips you off.) 

(b) Metal-mediated. (Os) 

(c) Polar, acidic. (Nitric acid.) 

(d) Polar, basic. (Fluoride ion is a good base. Clearly it’s not acting as a nucleophile in this reaction.) 

(e) Free-radical. (Air.) Yes, an overall transformation can sometimes be achieved by more than one 
mechanism. 

(f) Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.) 

(g) Polar, basic. (LDA is strong base; allyl bromide is electrophile.) 

(h) Free-radical. (AIBN tips you off.) 

(i) Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.) 

(j) Metal-mediated. 

(k) Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.) 

(1) Polar, basic. (Ethoxide base. Good nucleophile, good electrophile.) 


(m)Pericyclic. (Electrons go around in circle. No nucleophile or electrophile, no metal.) 


4. (a) The mechanism is free-radical (AIBN). Sn7 and Br6 are missing from the product, so they’re 
probably bound to one another in a by-product. Made: C5—C3, Sn7—Br6. Broken: C4—C3, C5-Br6. 





7 
MeO OMe Bu;SnH MeO OMe 1 T 
3 1 2 
PAA COW AABN oN” Bue 


(b) Agt is a good Lewis acid, especially where halides are concerned, so polar acidic mechanism is a 
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reasonable guess, but mechanism is actually pericyclic (bonds forming to both C10 and C13 of the furan 
and C3 and C7 of the enamine). C18 is missing from the product; it must get together with Ag to make 
insoluble, very stable AgCl. An extra O appears in the product; it must come from H,O during workup. 
One of the H’s in HO goes with the BF4-, while the other is attached to N1 in the by-product. Made: 
C3-C10, C7-C13, C2—O (water), Ag—Cl. Broken: N1—C2, C7-Cl8. 


8 Cl 
7 6 na 10 
I a AgBF 
Dn 
3 4 12 13 


(c) This mechanism is also pericyclic. Use the carbonyl, Me3Si0, and CH3 groups as anchors for 
numbering the atoms. Made: C2-C12, C3-C11. Broken: C2-C8. 





from water 


O73 10 
H3C7 9 OSiMe; 





(d) Ph3P is a Lewis base. The mechanism is polar under basic conditions. Made: C1—C7, 02-C4, 03- 
C6. Broken: O3-C4. 





50 OMe 
3 
4 
o° 5 
A 
Ph” 7 `CN | 7 
8 CO,Me 


(e) The mechanism is polar under acidic conditions due to the strong acid RSO3H. Made: C13-C6. 
Broken: C13-C8. 





14 
Me OH -° 
—s cat. RSO3H 
Me —— > 
I CH,Cl,, RT 





(f) The mechanism is polar under basic conditions (NaOEt). Two equivalents of cyanoacetate react with 
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each equivalent of dibromoethane. One of the CO,Et groups from cyanoacetate is missing in the product 
and is replaced by H. The H can come from EtOH or HOH, so the CO,Et is bound to EtO or HO. The 
two products differ only in the location of a H atom and a 7 bond; their numbering is the same. Made: 
C2-C5, C2'-C6, C2'-C3, C1'—OEt. Broken: Cl'—C2', C5—Br, C6-Br. 





1  *NH, 
1 34 EOC 2 i 
BOC. 23CN aOR RON =S Se BH EtO,C— OEt 
1/2 BrCH,CH,Br CN + 
5 6 5 6 


(g) Polar under acidic conditions. The enzyme serves to guide the reaction pathway toward one particular 
result, but the mechanism remains fundamentally unchanged from a solution phase mechanism. The Me 
groups provide clues as to the numbering. Made: C1-C6, C2—C15, C9-C14. Broken: C15-O16. 





Geranylgeranyl pyrophosphate A Taxane 


(h) Two types of mechanism are involved here: First polar under basic conditions, then pericyclic. At 
first the numbering might seem very difficult. There are two CH3 groups in the starting material, C5 and 
C16, and two in the product. Use these as anchors to decide the best numbering method. Made: C1- 
C14, C2-C12, C12-C15. Broken: C3—C12, O7-Si8. 





warm to RT; 
aq. NaHCO, 





(i) The carboxylic acid suggests a polar acidic mechanism. Made: C2—C7, C2-03, C4—-O6. Broken: 
O3-C4. 
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(j) Free-radical mechanism (AIBN). Both Br7 and Sn11 are missing from the product, so they are 
probably connected to one another in a by-product. H12 appears connected to C10 in the product, as C10 
is the only C that has a different number of H’s attached in S.M. and product. Made: C1-C9, C2-C6, 
Br7-Sn11. Broken: C6-Br7. 









Br 11 6 
A Bu; SnH It 7 
8 + Bu;SnBr 


—_— 
< Ph cat. AIBN 3 S 


(k) No acid or base is present, and the reaction involves changes in 1 bonds. This is a pericyclic 
mechanism. Use C8 with its two Me groups as an anchor to start numbering. Ozone is a symmetrical 
molecule, but the middle O is different from the end O’s; it’s not clear which O in ozone ends up attached 
to which atom in the product. However, it is clear where O4 ends up, as it remains attached to C3. Made: 
C1-011, C1-04, C2-09, C2—O10. Broken: C1—C2, O9-O10. 





1 CH; 
2 
CH 
ý 3 
HO 7 
H3C ; 6 H3C; 6 


(1) Polar mechanism under basic conditions. Again, use C11 with its two Me groups as an anchor to start 
numbering. C7 remains attached to C8 and O6 in the product. C2 leaves as formate ion; the two O’s 
attached to C2 in the S.M. remain attached to it in the formate product. O4 is still missing; it’s probably 
lost as HO, with the two H’s in H2O coming from C8. Made: C5—C8. Broken: C2—C7, 03-04, 04- 
C5, C5-06. 


5 CH, 
8 CH, 2 1,3 4 


6 10 
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(m) Bromine undergoes electrophilic (polar acidic) reactions in the absence of light. Use C6 as an anchor 
to begin numbering. In the S.M. there are two CH, groups, C4 and C7. The one CH, group in the 
product must be either C4 or C7. C7 is next to C6 in the S.M., while C4 is not; since the CH, group in 
the product is not next to C6, it is probably C4. Made: C2-C7, C3-Br. Broken: Br—Br. 


4 1. O Br 1 
6 Bry 
3 — > 3 7 
7 7 4 5 6 
2 H O 


5. N= nucleophilic, E= electrophilic, A= acidic. 


WN | on |wa fae | 


*See text (Section B.1) for an explanation. 
















**The O atom still has a lone pair, but if it were to use it in a nucleophilic reaction, it would acquire a very 


unfavorable +2 formal charge. 


+The fact that an elimination reaction can occur upon removal of H+ from this atom (with loss of the leav- 
ing group next door) is irrelevant to the question of the acidity of this atom. Acidity is a measure of the 
difference in energy between an acid and its conjugate base. The conjugate base formed by removing Ht 


from this atom would be very high in energy. 


Answers To Chapter 2 In-Chapter Problems. 


2.1. LDA is a strong base. Two E2 eliminations give an alkyne, which is deprotonated by the excess 


LDA to give an alkynyl anion. This species then reacts with Mel by an Sy2 process. 





a N(i-Pry) hp na 
eae om > e > 
OME Gee OME NG Pr) 
Me“ 
MeOQ—=--——> MeO—==—Me 





2.2(a). LDA deprotonates the C a to the ester, which adds to the aldehyde to give the aldol product after 


workup. 


H3 H; 9 : sq 
ST, sxe OX a 


CH, CH, 


H 
: Et workup 








product 





CH, O 


2.2(b). BuLi deprotonates the C æ to the nitrile, which adds to the ketone to give the aldol product after 











workup. 
Je Et, Et 
o- 
€C pi Fe Et workup 
N=C H > N=C—y—H N=C H » product 
H H 


2.3. Make: C2—C3. Break: none. Note that because the NaCN is catalytic, its atoms are not incorporated 


into the product, and hence there is no need to number them. 


Ph 


2 Pa NaCN f À ‘ 
H & _cat. NaCN a A 4 
“EtOH, H,O H,O 


Ph 3 OH 
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C2 is electrophilic, and C4 is ... electrophilic! To make a bond between them, C2 must be turned into a 

nucleophile (umpolung). This must be the purpose of the -CN. Aldehydes are not acidic at the carbonyl 
C, so the -CN cannot simply deprotonate C2. Instead, it must add to C2. Now C2 is & to a nitrile, it is 
much more acidic, and it can be deprotonated by excess -CN to give an enolate, which can add to C4. 


Finally, deprotonation of O1 and elimination of -CN gives the observed product. 


-7N AN 
A/o 8 one. PRA [` -okt 
a a s Man Ya Pa 
PH PK CN PH CN PH CN 
HO © (Q m Q OH 
: CN Ph x LCN Ph B Ph 


ZA: 


(a) Make: C2-C5, C2-C6. Break: C2-Br4. 


1 3 J 
EtO,C_2 CO Et 6 i 4 
D Deco E Bo; 7 8 H—Br 
C 


Br Et0,C3 


C2 is both electrophilic and particularly acidic. C5 is electrophilic, and C6 has no reactivity, so the first 
bond to be made must be C2—C5. Therefore, deprotonation of C2 gives a nucleophile, which can attack 
electrophilic C5 to give an enolate at C6. Now C6 is nucleophilic, and intramolecular Sy2 substitution at 
C2 gives the product. Although C2 is a tertiary alkyl halide and is not normally expected to undergo Sy2 


substitution, this reaction works because it is intramolecular. 


EtO, 


Br 
nee pea San EtO, < CO,Et EtO, CO,Et 
~OEt £ 








Luge CHO oe Se 


CHO CHO 


(b) Make: C7—C8, C4—C9. Break: none. 
10 
2 LiN(-Pr)(c-Hex); 


3 7 >= 
A COMe 
CH; 10 
HC 4 G 


CH, 
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The thing above the arrow is a fancy version of LDA. C4 and C8 are electrophilic, C9 is unreactive, and 
C7 is acidic, so first step must be to deprotonate C7 to make it nucleophilic. Conjugate addition to C8 


generates a nucleophile at C9, which adds to C4 to give a new enolate. Workup then provides the 


product. 
O CO,Me 
H ANR TE a CO Me ¢ H 
CH, 
eS CH, z CH, 


MeO, O MeO, O 
workup H 
CH, 
H3C C 


(c) Make: C2—C21, C5-C11, C6-C22. Break: none. 





H 
I CO,t-Bu 


Among the six atoms involved in bond-making, three (C6, C10, C21) are electrophilic, two (C5, C22) are 
unreactive, and only C2 is acidic, so first step is deprotonation of C2. The nucleophile adds to C21, 
making C22 nucleophilic. It adds to C6, making C5 nucleophilic. It adds to C10, giving the product. 


O 0 
H 
Fs CO,Me 
a — 
PERDE: 
csco; W wy 
H O H 


CO,t-Bu CO,t-Bu 
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—> product 





A 
H—OCO,Cs 





H 
CO,t-Bu CO,t-Bu 


2.5. Because under basic conditions carboxylic acids are deprotonated to the carboxylate ions, which are 
no longer electrophilic enough that a weak nucleophile like MeO- can attack them. Upon workup the 


carboxylate is neutralized to give back the carboxylic acid. 


2.6. 
(a) Balancing the equation shows that EtOH is a by-product. Make: C2-C11. Break: O1-C2. 





C2 is electrophilic, so first step must be to deprotonate C11 to make it nucleophilic. Addition to C2 
followed by elimination of O1 affords the product. Because the product is a very acidic 1,3-diketone, 


though, it is deprotonated under the reaction conditions to give an anion. Workup then affords the neutral 





product. 
O O o 
H - H 
Z FH J EOE CH, —> H3 — 
EtO,C OEt H EtO,C OEt Et0O,C ~N > 
O o> "O OEt 
O O O 
H; H, workup H, 
H => —H H 
EtO,C M P EtO,C EtO,C H 
O —OEt O O 


(b) Make: C3-C9. Break: O8-C9. 
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O7 : O7 
7 8 11 7 10 
ao OFt as 8 
6 3 ———> 6 9 + EtOH 
5% NaOEt BOH A= 11 OFt 
The mechanism is exactly the same as drawn in part (a). 


24 


(a) Make: O1-C9. Break: S8—-C9. 
15 NO, 15NO, 


O, 1 
6 E 14 R 3 20. g 14 re 
5 8 NaOH 4 
2 ——— +2 7 
4 1 12 5 gM 12 
OH T SO, 1 


The base deprotonates O1, which adds to C9, giving an anion that is delocalized over C10, C12, C14, and 
into the NO, group. The anion then expels SO,~ to give the product. 


2 O, Ç NO, 
DVO 
m — product 
O 
(b) Make: O1-P5, C2-Br4. Break: O1-C2, Br4—P5. 
4 5 
D Br—PBr, D 1 5 
| >.— | > + HO—PBr 
I 3K 4 
O N Br 


3 
N 
H 





O1 is clearly a nucleophile, and C2 is clearly an electrophile. P5 could be either a nucleophile (lone pair) 
or an electrophile (leaving group attached), but because it reacts with O1 and because the P5—Br4 bond 
breaks, in this reaction it must be acting as an electrophile. Attack of O1 on P5 in Sy2 fashion displaces 
Br4, which can now attack C2 in an addition reaction. Finally, the N3 lone pair is used to expel O1 to 


give the observed product. 


| = [Bren | SS ~ Br | SS = | SS 5 
es +o < PBr5 — A r —— pr T — product 
N N z 
H 
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2.8. E2 elimination of HI from the aryl iodide gives a benzyne, which can be attacked at either C of the 
triple bond to give two different products. 


OMe 


PE NH, 
= 1 , NH, _,. 3 > A Ae Z 
H 
ei A- OF 
NH, NH 


2.9. E2 elimination of HBr from the alkenyl halide gives an alkyne or an allene, neither of which is 
electrophilic. The only reason benzyne is electrophilic is because of the strain of having two C(sp) atoms 


in a six-membered ring. Remove the six-membered ring, and the strain goes away. 


2.10. The first substitution involves attack of PhS~ on C¢Cl¢ to give CgCl5(SPh), and the last involves 
attack of PhS~ on CgCl(SPh)s5 to give Cg(SPh)¢. The elimination—addition mechanism is ruled out in both 
cases because of the absence of H atoms adjacent to Cl, so the choices are addition—elimination or Spnl. 
The first reaction involves a very electron-poor arene (all those inductively withdrawing Cl atoms), so 
addition—elimination is reasonable, although Spn] is not unreasonable. The last substitution, though, is at 


an electron-rich arene, so only Spy is a reasonable possibility. 


Sots Cl Cl Cl 
rst. 
Cl A oa Cl ÇA cI SPh 
Mh Aspi SPh 
SP > 
CI cI cI cI cI cI 
Cl Cl 


Cl 
Last: SPh SPh - 
Initiation: Ph Cl Ph wl 
~SPh -SPh 
Ph SPh Ph SPh 


SPh SPh 
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SPh = SPh 


Qa Ph 


Propagation: Ph 





PhS SPh PhS SPh 
SPh SPh 
SPh SPh = 
Ph E N Ph « SPh 
: ~ SPh 
— > 
Ph SPh Ph SPh 
SPh SPh 
SPh = SPh SPh 
Ph e SPh Ph Cl Ph SPh Ph 
+ —_— + 
PhS SPh PhS SPh PhS SPh PhS 
SPh SPh SPh 
2.11. 


(a) An addition—limination mechanism is reasonable. 


x NMe: CN 
okt: og 
oN NS K 


SPh 


N 
N 
\ 


H 


CN 


(b) An addition—elimination mechanism is not reasonable. Elimination of HBr from the starting material 


gives an Q,ßB-unsaturated ketone that is now a 7 bond electrophile at a C different from the one that 


originally had the Br attached to it. The only reasonable mechanism is Spnl. 


Initiation: o O 


Me Ér Me Br. 
Je + Me —>» Je y Me 
CO,Et NC~ ~CO,Et 7 


Chapter 2 8 


Propagation: 
Q o aA O NG Va = 
wont “ne | we " *CO,Et 
Me Me Me Me Me Me 
O = 
Br. 
+ e Me 
Me Me 


CO,R 
: 


NCO,Me —> product 





243: 
(a) 
a Zn(Cu) Nia ee 5 Coa 
I je + z D ~Bu 
H H H 
(b) 
Br 
J eR 
EtO,C Rh EtO,C 6 EtO,C | 99 E10, OSiR; 
Ncc X=Rh = ys ze 
EtO,C EtO,C Et0,C EHO 
2.14. 


CH, CH; ae 
Hoh C == Hoel’ c — FC 
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2.15. Numbering correctly is key to this problem. The written product is missing the fragments COCF3 
and MsN, so it is likely that they are connected to one another in a by-product. All the numbering in the 
product is clear except for N8, N9, and N10. N8 is attached to Ms in the starting material and is probably 
still attached to it in the product. But is N9 or N10 attached to C3 in the product? C3 is very acidic, and 
when it is deprotonated it becomes nucleophilic. N9 has a formal positive charge, so N10 is electrophilic. 
Therefore, N10 is most likely attached to C3 in the product. Make: C3—N10, C4—N8. Break: C3—C4, 


N8-N9. 
ZN” sH 6 
we ee 
<n? 10 9 
4 Cr, SN” SN Ne NV 
+ 
O° 


N8 deprotonates C3 to make the latter nucleophilic, and it adds to N10. The lone pair on N10 is then used 
to expel N8 from N9. N8 then comes back and adds to C4, and expulsion of C3 from C4 affords the two 


products. 





H Ree a N 
CF, NN _— CF, Ms 
> — > 
\ N=N-NH 
Y 
O O 
Gs 
ieee 
CF; | 
N=N Ms > 
+ 
O 
P H 
NÆN + CF; Ms 
+ 
2.16. 
O O 
> > o7 O 
O O Ao oe O 
rk base rk R O A 


Chapter 2 10 
Answers To Chapter 2 End-of-Chapter Problems. 


1. (a) Substitution at a 3° alkyl halide rarely proceeds by an Sy2 mechanism, unless the reaction is intra- 
molecular. In this case Sy2 is even less likely because of the highly hindered nature of the electrophile and 
the fact that the electrophilic C is unlikely to want to expand its bond angles from 109° to 120° on 
proceeding through the Sy2 transition state. The other possibility in this case is Spnl, which is reason- 


able given the heavy atom nucleophile and the requirement of light. 





Initiation: 
PhS” ae [PhS ]* 
Me Me F 
Me Cl Cl 
[PhS ]* + — > PhSe 
Br K Br 
Me 
Me Me 
A Me 
E ho 
Me 
Me 
a he} A 
Me 
Me è Me Me Me a 
Me Me Me Me 
Cl Cl 2 Cl į Cl 
* SPh Br SPh ° Br 
Me Me Me Me 
Me Me Me Me 


(b) The 1° halide will definitely undergo substitution by an Sy2 mechanism. Indene is a pretty good acid 
(pK,= 19) due to aromatic stabilization of the anion. After deprotonation with BuLi, it attacks the electro- 
philic C by Sy2. A second equivalent of indenyl anion then redeprotonates the indenyl group of the 


product, allowing a second, intramolecular Sy2 reaction to proceed to give the observed product. 


ang ar 
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O 
e YS 


CIS eG oe? 





(c) This 3°, uninvertable halide cannot undergo Sy2 substitution. An elimination—addition mechanism is 
unlikely because the base is not terribly strong and the neighboring C-H bonds are not parallel to the C-I 
bond. The most likely possibility is Spy1. C(sp3)-I bonds are good substrates for Sgy1 reactions. The 


FeCl, is a one-electron reducing agent (Fel! — Fell!) that acts as an initiator. 


Initiation: 
FeCl» : + *FeCl 
I °°] 
Propagation: ý a tr 
| 


D) O F 
O A 
Kde A 
H 


H 
O e 


Ph 


(d) Substitution on arenes with strongly electron-withdrawing groups usually takes place by an addition- 


elimination mechanism. In this case the leaving group is nitrite, —NO>. 


NO, NO, NO, 
CN -OMe CN CN 
ON a — + “NO, 
NO, AED OMe 
OMe 
H H 


H 
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(e) The first product results from halogen—metal exchange. The mechanism of halogen—metal exchange is 
not well understood. It may proceed by Sj2 substitution at Br by the nucleophilic C, or it may involve 


electron transfer steps. (See Chapter 5.) 


Bee) F Li 
( Li— n-Bu z + Br—n-Bu 


Small amounts of aromatic substitution product are often formed during halogen—metal exchange. Many 


mechanisms are possible. 
The major product PhLi could react with the by-product n-BuBr in an Sy2 reaction. 


Addition—elimination could occur. PhBr is not an electrophilic arene, but the very high nucleophilicity of 


n-BuLi may compensate. 

An Spni reaction could occur. 

Elimination—addition (benzyne mechanism) could occur. 

Certain experiments would help to rule these possibilities in or out. 


Elimination—addition goes through a benzyne intermediate, and the nucleophile can add to either benzyne 


C, so both 3- and 4-bromotoluene should give mixtures of products if this mechanism is operative. 


Addition—elimination would accelerate (compared to halogen—metal exchange) with electron-withdrawing 


groups on the ring and decelerate with electron-donating groups on the ring. 


If the Sy2 mechanism is operative, changing n-BuLi to s-BuLi would reduce the amount of substitution 
product a lot, and changing it to CH3Li would increase it. If the Spy1 mechanism is operative, changing 
n-BuLi to s-BuLi would not change the amount of substitution much, and changing it to CH3Li would 


reduce it a lot. 


(£) Acyl chlorides can undergo substitution by two mechanisms: addition—elimination or elimination— 
addition (ketene mechanism). In this case, elimination—addition can’t occur because there are no a H’s. 


The mechanism must be addition—elimination. 
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A NEY o 15 ~ 1 
EN go RG = on Age 


(g) This acyl chloride is particularly prone to elimination because of the acidicity of the benzylic H’s. 


Addition—elimination can’t be ruled out, but elimination—addition is more likely. 


oy) O 
Ph ‘NEn Ph R Ph R 
se H ie H H 


WAC: INE 


H—NEt, 
RO-H 





(h) The reaction proceeds by an Sy2 mechanism. The reaction has a very low entropy of activation, so it 
proceeds despite the loss of aromaticity. The product is a model of the antitumor agent duocarmycin. 


DNA reacts with duocarmycin by attacking the CH, group of the cyclopropane ring in an Sy? reaction. 


I I I i my I 
DS a ETS _ d 
om Jf 2 Ly 3 Jf 


(i) This nucleophilic substitution reaction at aromatic C(sp2) can proceed by addition—elimination, elimi- 
nation—addition, or Spn1. In this case, addition—elimination is low in energy because of the strong 


stabilization of the Meisenheimer complex by aromaticity of the five-membered ring. 


ton 


OEt 
PN 
oy 


(j) The mechanism cannot be Sy2 because of the 3° alkyl electrophile. The most likely mechanism is 
SrnI, which proceeds through radical anions. The best resonance structure of the radical anion of the 
starting material puts the odd electron in the aromatic ring, and the best resonance structure of the radical 
anion of the product puts the odd electron on S, but in both cases it is more convenient to draw the 


resonance structure in which there is a three-electron, two-center bond. 
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Initiation: NC CN NC CN I7 
t-Bu Et + PhS —» | t-Bu <. Et | + PhS» 
OAr *OAr 
Propagation: 
NC CN |v NC CN 
t-Bu Z. H —> t-Bu ; Et + OAr 
Cia 
NC CN NC CN NI 
t-Bu f Et + SPh —> t-Bu Et 
* SPh 
NC CN |7 NC CN 
t-Bu t + t-Bu Et `> 
° SPh OAr 
NC CN NC CNNI: 
t-Bu Et + t-Bu Zaa Et 
SPh ° OAr 


(k) Substitution at aromatic C(sp2) can occur by one of three mechanisms. Addition—elimination requires 
that the ring be substituted with electron-withdrawing groups. Elimination—addition requires very strong 
bases like NHy~. The third mechanism, Spy], is operative here; the light is a clue that radicals are 


involved. 


Initiation: 2 
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(1) The mechanism clearly cannot be Sy2, because substitution occurs with retention of configuration. 
Two sequential Sy2 reactions are a possibility, but unlikely, because -OAc is a lousy leaving group in Sy2 
reactions. It is more likely that an elimination—addition mechanism operates. The AcO group is & to N, 
and the lone pair on N weakens and lengthens the C—O bond, making it prone to leave to give an N-acyl- 
iminium ion. The AcO- deprotonates the ketoester to give an enolate, which adds to the electrophilic C=N 
T bond from the less hindered face (opposite from the substituent on C2 of the lactam), giving a trans 


product as observed. 


i nes ~OAc nucleophile has 
CO,R attacked less 
— hindered (top) 
face of m bond 





2. (a) Cyanide can act as a nucleophile toward the bromoester, displacing one Br- in an Syp2 reaction to 
give a cyanoacetate. The cyanoacetate (pK, = 9) is deprotonated by another equivalent of -CN (pK, = 9) 


to give an enolate that attacks the other bromoester to give the product. 


NC CO,Et 
Or eas -CN Oas ON 
H H : 
Br Br? H 
Br CO,Et 
NC CO,Et 


CN 
7 > ---- deprotonation, reprotonation on 
H á ze other side can epimerize this center 
to more stable diastereomer 


Br~ CO,Et 


(b) The acyl chloride is a potent electrophile and N37 is a nucleophile, so the first part of the reaction 
involves addition—elimination to make the acyl azide. Upon heating, the Ph-CO bond breaks and a Ph-N 
bond forms. This suggests a 1,2-shift, promoted by loss of N>. 
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O - +- (0a = O 
S N=N=N Cs +N Jk +N 
ZN —>> -N7 
Ph A Ph N Ph N 
O O N 
N A 
I „i a à „l = N <—_> UN=C=0 
Ew SS Ph——N H 


(c) Make: C1-C5, C1-C5', C3-C5. Break: C5—OEt (twice), C5'—OEt (once). Each substitution at 
C(sp2) must occur by addition—elimination. The particular order of acylation events can vary from the 


answer given here. 





4 5 
HC, 3 A2 CO.Et 
| x: pie cco Oe, E 
mea AÀ es aye 
OH 
0 7 
Die an Oe | IP 
Sch. == CH, EtO => 
H H H 
O 
H H 
H.C ae H.C ee H.C IH 
m = Et XN H— OEt 
yy 3 3 O H 
-O O O j 0 
Eto2 OW) Q 
OEt OEt OEt 
O O- 5 Et 
G H D O i S 
HC | H,C w > H,C OEt 
| CEL ¥ ~-OEt | Cy OEt __ | =e 
O opt \EtO Fa OH o > 
HO HO O HO 
OEt O 
O O O7 O O 
») D O 
H,C OEt H.C w OEt H.C oa 
t 


OEt k O OEt O AN H 
HO HO HO ÒEt O 
O DP) 
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TE O E 
HC H H3C 
3 OF-on ak 3C CO,Et H3 CO,Et 
aa == koH / = 
HO 5 O o O x O 
\ = 
O H O) OH 


(d) Either the œ or the y carbon of the Grignard reagent can attack the nitrile. Isomerization of the initial 
product occurs upon workup, probably by protonation—deprotonation (rather than deprotonation—pro- 


tonation) because of the weak acidity and decent basicity of imines. 








ZX Mac 
Rega a 
O an O HLOH O NH `y on 
Pae TOO" ALJ 
a 


(e) One C-C and one C-O bond are formed. The ketone O is not nucleophilic enough to participate in 


Syn2 reactions, so the initial event must be attack of the ester enolate on the ketone. Sodium amide acts as a 


base. 
H H=- -NH, El H H 
? OEt ~~ HO a CH; > CH; > CH, 
Cl E10,C¢ Eoc] 
Oo” -O Ph oe 


(f) The C in diazomethane is nucleophilic. The product of attack of diazomethane on the carbonyl C has a 
leaving group © to the alkoxide, so either a 1,2 alkyl shift or direct nucleophilic displacement can occur. 
The insertion product happens to dominate with HoC-Np, but with HoC-SMep the epoxide dominates. 
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(g) Cyclopentadiene is very acidic, and its conjugate base is very nucleophilic. It can undergo aldol 
reactions with carbonyl compounds. After dehydration, a fulvene is obtained. The fulvene is an electro- 
phile because when a nucleophile adds to the exocyclic double bond, the pair of electrons from that bond 


makes the five-membered ring aromatic. 


HC Ci 


9 
H.C CH N 
n H H—oOk 
CH 
C an e a 
H CH à 
U 9 3 CH, 





(h) Two new bonds are formed: O3—C6 and C5—C7. O3 is nucleophilic, while C6 is moderately electro- 
philic; C5 is nucleophilic only after deprotonation, and C7 is quite electrophilic. Under these very mildly 
basic conditions, it is unlikely that C5 will be deprotonated, so it is likely that the O3—C6 bond forms first. 
The purpose of the acetic anhydride (Ac2O) is to convert the weakly electrophilic carboxylic acid into a 
strongly electrophilic mixed acid anhydride. The mild base deprotonates the carboxylic acid, which makes 
a weakly nucleophilic carboxylate ion (on O). Reaction of the carboxylate with the electrophilic AczO 
gives, after addition—elimination, the mixed anhydride, which is strongly electrophilic at C6. O3 can then 
attack C6 to give, after addition—-elimination, the initial cyclic product. At this point C5 becomes particu- 
larly acidic because the conjugate base is aromatic. The aldol and dehydration reactions with benzaldehyde 


then proceed normally. 


30 a 
7 : J a AcONa 
PhCHO + 
HC 2O NOCO AO | 72S. CH 
4 1 
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(i) Overall, the 1° OH is replaced by H. The H is presumably coming from LiAlH4, a good source of 


nucleophilic H-, so the 1° OH must be transformed into a good leaving group. The first step must 


transform the 1° alcohol into a tosylate. The mechanism of reaction of an alkoxide with TsCl is probably 


Sn2; the purpose of the DMAP is to catalyze the reaction, either by acting as a strong base or by displacing 


CI- from TsCl and then being displaced itself. In the next step, DBU is a nonnucleophilic base; elimina- 


tion is not possible (no B H’s), so it must deprotonate an OH group. This converts the OH into a good 


nucleophile. In this way, the 3° OH can react with the tosylate to give an epoxide. The epoxide is quite 


electrophilic due to ring strain, and so it acts as an electrophile toward LiAlHy4 to give the observed 


product. 
Step 1: 
OH OH clo OH 
: : NF : 
ch i NN 
O pyr : O7 O Ar OTs 
OH OH OH 
Step 2: 
ae k 
OTs N © OTs H 
pe z j RA apa H 
O-H o- Ò 
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Step 3: 
H 
OH he OH OH 
ni se : 
em H x workup H,C O 
i co CH, HCl ‘ge ANA CH, 
O Ie OH 


(j) LDA deprotonates the less hindered of the two acidic C atoms. A Robinson annulation then occurs by 
the mechanism discussed in the text. Two proton transfers are required in the course of the annulation, 
and both must occur by a two-step mechanism in which the substrate is first protonated, then deproton- 
ated. The most likely proton source is the ketone of starting material or product. (The solvent cannot be a 


proton source in this particular reaction because it is carried out in THF. The conjugate acid of the LDA 


used to initiate the reaction cannot be used as a proton source either, because it is not acidic enough.) 


O o- 
Tae eae s H oa Ca 
| -N(i-Pr) TEE 
i-Pr H i-Pr 
H,C~ ~o 
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(k) Make: C7-C9, C8-C13, and either O11-C13 or C10-014. Break: Either C10-011 or C13-O14. 





C9 and C11 are both electrophilic. The cyclic magnesium compound is nucleophilic at C1 and C8, and 
allylically at C7 and C2. The first step, then is nucleophilic attack of nucleophilic C7 on electrophilic C9 to 
give an alkoxide. Then when CO? is added, the nucleophilic C8 carbanion attacks the electrophilic C11. 





z9 CH, A CH, O 

Dye li TE o- 
8 o7 O- 
Et Et 


Upon addition of acid, the alcohol reacts with the carboxylic acid to give a lactone (cyclic ester). This 
acid-catalyzed reaction is discussed in detail in Chapter 3. The reaction is far more likely to occur by attack 
of O11 on C13 than by attack of O14 on C10. 


CH, Et CH, Et CH, Et 
O- Ht OH Ht OH 
O —~ OH | == ( OH == 
\? 
O O: +O—H 
CH, Et CH, Et CH, Et CH, Et 
~Ht 
+O—H == O — > O 
ee N + \ 
OH OH r) 
OH oy” +O—H 


(1) 1,4-Diazabicyclo[2.2.2]octane (DABCO) can act as either a base or a nucleophile. When it acts as a 
base, it deprotonates C2 to give an enolate, which attacks the aldehyde in an aldol reaction to give the 
product after proton transfer. When it acts as a nucleophile, it adds to the electrophilic C3 to give an 
enolate, which attacks the aldehyde in an aldol reaction. Elimination of DABCO by an E2 or Elcb 


mechanism then gives the product. 
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Mechanism with DABCO as base: 








CH, CH, 
Mechanism with DABCO as nucleophile: 


a ee T 

yo IN TN 

20 ey 
H 





O a <0 H 


4 O H 
~Ht Ne a yp 
EtO a ——> EO NON — ko N/M 
Et H ey (two steps) ee 
N N 
o- OH Et OH 


Et 


The second mechanism is much more likely, even without the information in problem (m), as C(sp?)-H 
bonds o to carbonyls are not very acidic. (See Chapter 1.) 


(m) Nucleophilicity is dramatically affected by steric bulk, whereas basicity is only slightly affected. If 
steric bulk in the amine catalyst affects the rate of the reaction dramatically, then DABCO must be acting as 


a nucleophile, not a base. 


(n) Make: C1-C5, C6—acetone. Break: C1-N. This is a Shapiro reaction. Addition of BuLi to the 
hydrazone deprotonates N, then deprotonates C7 to give a dianion. o-Elimination of ArSO>~ gives an 
intermediate that loses N, to give an alkenyl anion. This undergoes intramolecular addition to the pendant 
mT bond to give an alkyl anion, which is quenched with acetone to give the product. The addition of the 
alkenyl anion to the unactivated 1 bond occurs because of the low entropy of activation, the very high 
nucleophilicity of the anion, and the favorable formation of a C-C o bond, and despite the poor electro- 
philicity of the x bond and the formation of a higher energy C(sp?) anion from a lower energy C(sp2) 


anion. 
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7 


1, NNHSO,Ar l 
aes BuLi, TMEDA: 
SSS 
3 5 acetone 
2 TFG 








H 
H H 
E — [N Y —> 
H 
O” workup OH 
oS 





(o) This is a Bamford—Stevens reaction. We are forming a new C-C bond to a remote, unactivated C, 
suggesting a carbene inserting into a C-H bond. The base deprotonates N. o-Elimination of ArSO,— 
gives the diazo compound, which spontaneously loses N> to give the carbene. The carbene inserts into the 


nearby (in space) C-H bond to give the product. 


—N —N 
\ \ 
MeN N—SO,Ar NOMS Men N~SO,Ar —» 
f N 
H 
-— + 7 H 
=N <N=N 
MeN N+ <>» MeN H = MeN H = MeN 
H H H 


(p) LDA is a strong, nonnucleophilic base. It will deprotonate the diazo compound, turning it into a good 
nucleophile. Addition to the aldehyde C=O bond and workup gives intermediate A. Now, treatment of A 
with Rh(ID) generates a carbenoid, which reacts as if it were a singlet carbene. A 1,2-shift gives the enol, 


which can tautomerize to the observed product. 
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H ñ i-Bu 
py, i H ae ONG 
N(i-Pr), Zam N EEEE OH 
N3 CO,Et ———~*™ N, CO,Et | 
i-Bu O CO,Et 4 
H i-Bu i-Bu i-Bu 
Rh, (OAc); H tautomerization H 
EEA — a 
ai Z ~on H O 
CO,Et CO,Et CO,Et 


(q) Make: C2—C10, C6—C12, C9-C13. Break: none. C2 and C6 are nucleophilic (once they are 
deprotonated), while C9, C10 and C12 are electrophilic. C2 is by far the most acidic site, so the C2—C6 
bond is probably formed first. 





7 


La 


(r) The by-product is MeCl. Make: P-Bn, Me-Cl. Break: O—Me. The first step is attack of nucleophilic 
P on the electrophilic BnCl. Then Cl- comes back and attacks a Me group, displacing O- to give the 
phosphonate. 
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ATS + o” y +, 07 
an :P(OMe),; —> ae P “Me Cl —Phn7 ~ Re MeCl 
MeO OMe MeO OMe 


(s) Clearly simple Sy2 can’t be the answer, as configuration is retained at C2 and 180 incorporation into 
the product is not observed. The other electrophilic site in this compound is the S of the Ms group. 
Cleavage of the Ms—OR bond can occur under these basic conditions. Attack of Me(*OY on the S of the 
Ms group displaces RO- and gives Me(*O)Ms. Me(*O)Ms is an electrophile at C that can react with the 


sugar alkoxide to give the observed product. 


= * 
m o QOMe o o Me—=0*Ms pa 
c — M — M 
NOAN Me Neo ANY V 0 NN 
oO- S< 107 | OMe 
MeO ae No MeO MeO 
Ms- = MeSO,- 


(t) The benzilic acid rearrangement was discussed in the text (Section E.1). 


O 2 3 2 
To DO SC N 
E HONS `bh 
O° 4 5 Ph 


o -OH HO 
Ly AS _ 7 0 _, HO,C _, OC 

Nay ee eA pe A 
o Ph 0%) Ph Ph Ph 


(u) Make: C3-05, C8-C4. Break: C3—Br. Because C8 is very acidic (between the NO, and carbonyl 
groups) while C4 is electrophilic, the first bond-forming step is likely to form C8—C4. Then displacement 
of Br from C3 by O5 gives the product. 


O 
O Br O:7 5. 677 


3 6 Il + 1 H O—N+ 
2 Fe 4 H H 4 


O HH 
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O Br O 


II 
O ~OCO,Na EtO,C =o 
i ae Fee SS cw, 


O Br re N OBr H O 
+4 _ +4 
-O-N H— OCO,Na -O-N 
EtO,C CH, EtO,C CH, 7 
H 





S 
H H NaOCO,° ù> H H H 
Bs 
ee BrsH O a Oy 
-O-N A —> 
"a CH, EtO,C 
EtO,C H H 


(v) Numbering the atoms correctly is key here. The cyanide C in the product could be C1 and the formate 
C, C3, or vice versa. How do we tell which? If the cyanide C is C3, this would mean that attack of C3 
on C4 would occur. But this reaction would not require base, and we’re told that base is required for the 
first bond-forming reaction to occur. On the other hand, if the cyanide C is C1, then the first step could be 
deprotonation of the relatively acidic C1 (next to Ts and formally positively charged N) followed by attack 
of C1 on electrophilic C4. The latter is more reasonable. Make: C1-C4, O5—C3, O6-C3. Break: C3- 
N2, C4-05, C1-Ts. 


6 
5 
Ge? 4 5 t-BuOK, EtOH 4 ome O f 
Teg NG 3 4 oae treme C=N me Ts 
C CHC H EtO 3H 


Deprotonation of C1 is followed by attack of C1 on C4 to give an alkoxide at O5. O5 can then attack 
electrophilic C3 (next to a heteroatom with a formal plus charge!) to give a five-membered ring with an 
anionic C, which is immediately protonated. Deprotonation of C1 again is followed by cleavage of the 
C4—O5 bond to give an amide. 
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(w) Two equivalents of trifluoroacetic anhydride are required, so there are two C5’s and two O6’s. One 
of those C5’s, C5a, ends up attached to C4 in the product. The other, C5b, must end up attached to O1, 
which is absent from the product. Make: Ol-C5a, C4—C5b. Break: O1—N2, C5a—O6a, C5b—O6b. O1 is 
nucleophilic, CSa is electrophilic, so the first step is probably attack of O1 on CSa. Elimination of 
CF3COH can now occur to break the O1—N2 bond. This gives an iminium ion, which can be deproton- 
ated at C4 to give an enamine. Enamines are nucleophilic p to the N, so C4 is now nucleophilic and can 
attack C5b; loss of H+ from C4 gives the product. 
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~ Me gee 








(x) Make: NI-C7a, N3—C7b, N4—C2. Break: C2—N3, C7—Br. The first step is likely deprotonation and 
alkylation of N3. This makes a o bond between N3 and C7b, but we need to introduce at bond. This 
can be done by an elimination reaction. Deprotonation of C7 gives an enolate, which can be delocalized 
onto N4 by resonance. Now, the N3—C2 bond can be broken, giving the electrons to N3 and forming an 
isocyanate out of N1 and C2. These two steps constitute an Elcb elimination. Finally, attack of N4 on 
C2 gives an amide anion, which can be alkylated again by the bromide to give the product. Note: 
Cleavage of the N3—C2 bond at the same time as deprotonation of C7, as in a standard E2 elimination, is 
possible, but this is unlikely: the lone pair that is put on C2 cannot be delocalized as it forms because the 
orbital in which it resides is orthogonal to the C6=N1 7 bond. 






Os O 7, C0,#-Bu 
7 1 {3 
6 N.20 8 N 
MeN ZA ae 2 Br CO,-t-Bu MeN 2a 
ee dh. NH 2 K,CO, > 
O Ne 3 O N ya Z~ 8 
O O H H 
nN. Co No AX 
MeN A Bi -OCO,K MeN a y Br ) CO,-t-Bu 
> S | J 
A xu- NX R S/N; 
of CNl “N* `H of ~N* “N 
Me Me 
O 


O 
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MeN A ~OCO.>K MeN x 
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O H H 
N=CH C 
ee OS MeN i SLO os CO,-t-Bu á 
CO,-t-Bu Ap 
Se es 


<2 
Me 'y*™c0,-+Bu 


Another way to draw the key N-C ring-cleaving step is as an electrocyclic ring opening. 


gn å JN 20 
MeN oF MeN a MeN | etë 
oy eS oy H 2 N 
H CO,- -t-Bu CO,-t-Bu CO,-t-Bu 
(y) Make: N3—C8, C4—C6. Break: N2—N3. Conditions are basic, and C6 is very electophilic, so first 
step is likely deprotonation of C4 and addition of the enolate to C6. After protonation of N9, addition of 


N3 to C8 can occur. Protonation of N9 is followed by loss of Ht and N3 by an E2 mechanism. Finally, 


tautomerization by deprotonation and reprotonation gives the observed product. 





1 2 CN 
Ns 2 Q Fi gN AN 6 7 
= lan ag t. pip. 1 
+N 4 ey E a SP: A E Na 
3 5 “Ar EtOH 4 3 ~~ NH 
N 2 
H H CN O H 
Ns N, H 
Ar! Y Ar! Ar? SS 
H H H CN 
Ar’? H CN Ar’ H CN Ar’ H CN 
H (N+ H H (N+ 
H an 
Ar! ; C pip Ar! VA > Arl \ <u pip 
“NN Naas : 
PING TING TAN 
AAS HCN Ar? H, CN 
pip. H 
pi Ar! 
Ar! \ 'P k a ( — > product 
oF 
O +N; aes pip 


(z) Make: none. Break: CI-C1, C2—C3. i-PrO~ is nucleophilic. There are two electrophilic sites in the 


Chapter 2 30 


starting material, C1 and C3. Attack of i-PrO- at C1 doesn’t get us anywhere, since the product does not 
have a Cl—-O bond, so the first step is probably addition of i-PrO- to the C3=O m bond. In the second 
step, the O- electrons can move down to form the carbonyl bond again, breaking the C2—C3 bond. The 
electrons in the C2—C3 bond are used to form a second C2=C1 m bond and to expel CI. 


Ar CO,CH 
1 aes F io 2 
= i-PrONa d = CH; 
Cl CH, 
n CS oe < 9O OCH; Ar —==— CH, 
r 3 ~O-i-Pr C O 
O-i-Pr  _. 
a an M on e Y oon 
CO CH, cl? CH i-Pr-O 


(aa) The first transformation is a standard dibromocarbene addition to an alkene (Section D.4). The 
strong base deprotonates the bromoform. o-Elimination gives the carbene, which undergoes cyclo- 


addition to the alkene to give the product. 


M 
Br Br Br Me = 
| ( `-0-t-Bu | [Pumice oe X Br 
Br—C-—H ——> Br-C —> Br—C, _ 
DS | P EP ; Br 
Br Br Me M 
e 


In the second transformation: Make: C5—C7. Break: C7—Br, C7-Br. Formation of a bond between C7 
and the unactivated and remote C5 suggests a carbene reaction. Addition of MeLi to a dihalide can give 
substitution, elimination, or halogen—metal exchange. Here elimination is not possible and substitution 
does not occur, so that leaves halogen—metal exchange. (Dibromocyclopropanes are quite prone to 
undergo halogen—metal exchange.) o-Elimination then occurs to give the carbene, which inserts into the 
C5-H bond to give the product. 


Me 
p Br CHGLi 
— TTS 
A Br 
Me 
H 
Me 
NO Li A 
— y Sa t 
% lr Br tes, Me 
Me Me 
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(bb) Make: C3-01. Break: C3—O4, O1-C5. We are substituting O4 for O1 at C3, and this substitution is 


occurring with retention of configuration, suggesting two sequential Sy2 reactions. What is the role of 
LiCl? Cl is a pretty good nucleophile, especially in a polar aprotic solvent like DMF. The C3-04 bond 
can be cleaved by Sj2 substitution with Cl-. After loss of CO, from O1, O1 can come back and do a 
second Sy2 substitution at C3 to give the product. 


LiCl, DMF I 
Y=0 ae O 
3, 5 6 = 
ph O4 Ph* 
Ph, o Ph. os PS ee Ph 
Cr I. `=0 = N=0 — 3 ENE Yo 
D O AEO oe = 
Ph Cr Ph UY ph a 


(cc) This reaction is a Robinson annulation. The mechanism was discussed in the text. 


(dd) The key to determining this reaction is, as usual, numbering the atoms correctly. Clearly some sort 
of rearrangement is occurring, and some C-C bonds must break. Bonds between carbonyl C’s and a C’s 
can break quite readily in 1,3-dicarbonyl compounds because the carbanion generated at the œ C is stabi- 
lized by another carbonyl group. Therefore, the C4—C5 or C5—C9 bond in the starting material might 
break, but it is unlikely that the C3—C4 bond will break. Once you have C4 identified correctly, C5 
through C9 should be clear, and that leaves little choice for C10 through C13. Note: If you started 
numbering with C10—C13, you almost certainly would have become confused. Make: C4—C10, C6-C12, 
C9-C13. Break: C4—C9, C12-C13. 


O 


He Il 13 
Na CH, 


5 mol% NaOH 








The first steps are the same as in the previous problem. C4 is deprotonated, it undergoes a Michael 
addition to C10 (making C4—C10), proton transfer occurs from C13 to C11, and C13 adds to C9 (making 
C9-C13). At this point, though, rather than an Elcb elimination, a fragmentation occurs, breaking C9- 
C4. We still have to make C6—C12 and break C12—C13. Proton transfer from C6 to C4 occurs, and C6 
adds to C12. Then a second fragmentation occurs, breaking C12—C13. Protonation of C13 gives the 
product. 
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H H 
Tees 1 wos 
a E —~—~~> product 
DO CH > 
o N o = 


ee O HE On 


Why does this pathway occur instead of the Robinson annulation when the seemingly trivial change of 
increasing the concentration of NaOH is made? Good question. It is not clear. It seems likely that the 
Robinson annulation does occur first (because quick quenching helps to increase the quantity of Robinson 
product), but the Elcb elimination at the end of the annulation mechanism is reversible in the presence of 
NaOH as base. It seems likely, then, that if NaOEt were used as base instead, only the Robinson product 
would be observed regardless of the quantity of catalyst. 


(ee) Make: C1-C4, C4—C2, C2-06. Break: C1-C2, C2-C1, C4—N5. The acyl chloride is a potent elec- 
trophile at C2. CHN; is nucleophilic at C4. Addition—-elimination occurs, then deprotonation to give a 
diazoketone. Deprotonation by Cl- is reasonable because the diazonium ion is a much stronger acid than it 
appears at first sight. Heating this compound causes it to undergo a 1,2-shift to give a ketene, which is 
trapped by BnOH to give the product. Under these neutral conditions, an awful zwitterionic intermediate 
must be drawn. It’s better not to draw a four-center TS for the proton transfer step to convert the 


Zwitterion into product, so solvent is shown intervening. 
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O 4 5 6 
12 CHN, A BnOH, A ] 4 
2 6 
Cl OBn 





(ff) This transformation is an example of the Mitsunobu reaction. The mechanism of the Mitsunobu 


reaction was discussed in the text (Section F.2). 


(gg) Numbering is again key. Identifying C10, C11, C12 in the product is easy. Using the information 
that the first step is a Michael reaction, C6 must be attached to C10 in the product. From there the 
numbering is straightforward. Make: C2—O9, C3—C12, C6—C10, C7-O13. Break: C2—C6, C7-09, 
C12-013. 





O 80 
13 

P 1 HCO” OH OH 

2 O ll 

12 
4 H 9 10 9 

a TEM I eos 

5 5 DBU, MeOH 11 
12 12 


Deprotonation of acidic C6 by DBU gives a carbanion, which undergoes a Michael reaction to C10. The 
new carbanion at C10 can deprotonate C3 to give a new carbanion, and this can undergo an aldol reaction 
to C12. Now our two new C-C bonds have been formed. We still have to break C2—C6 and two C—O 
bonds. The alkoxide at O13 can deprotonate MeOH, which can then add to C2. Fragmentation of the C2- 
C6 bond follows to give a C6 enolate. The C6 enolate then deprotonates O13, and intramolecular trans- 
esterification occurs to form the O13—C7 bond and to break the C7—09 bond. MeO- then comes back and 
promotes E1 elimination across the C3—C12 bond to break the C12—O13 bond and give the product. The 


intramolecular transesterification explains why C7 becomes an acid and C2 remains an ester in the product. 
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F- is a lousy leaving group. It leaves only under drastic conditions. These conditions are not strongly 


basic. No reaction occurs. 


In polar aprotic solvents, F~ is a good nucleophile. Benzyl bromide is a good electrophile under all 


conditions. The product is benzyl fluoride, PhCH2F. 


IT is an excellent nucleophile, but -OH is such a lousy leaving group that alcohols are not electrophiles in 


substitution reactions under basic conditions. No reaction occurs. 
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3° Alkyl halides normally undergo elimination reactions with hard (e.g., first-row) nucleophiles. If there 
is a choice of conformers from which anti elimination can take place, the stabler product is usually 
produced. The product is E-PhC(Me)=CHMe. 


Thiolate anions RS- are excellent nucleophiles. The substrate, a 1° alkyl halide, is a good substrate for 
nucleophilic substitutions under basic conditions. The product is PhSCH2CHMey?. Ethanol acts merely as 
a solvent in this case. It is not nearly as nucleophilic as the thiolate, nor is it acidic enough to be 


deprotonated by the thiolate, so it’s unlikely to react with the alkyl halide. 


Secondary alkyl halides may undergo substitution or elimination under basic conditions, but with the 
strong hindered base and lousy nucleophile LDA, elimination is certain to occur. The product is 
CH3CH=CH)?. 


Normally, Me3COK or t-BuOK acts only as a base, giving elimination products from alkyl halides. In the 
present case, though, the alkyl halide CH3Br cannot undergo elimination. Moreover, the extremely 
unhindered CH3Br is an excellent substrate for nucleophilic substitutions. The product may be 
Me3COMe, or no reaction may occur, depending on how strongly the reaction mixture is heated. t-Alkyl 


ethers are better prepared by the acid-catalyzed addition of alcohol to alkenes (Chapter 3). 


Cyclohexyl halides may undergo elimination or substitution reactions. They are usually more prone to 
elimination, but the acetate anion MeCO> is not particularly basic, and nucleophiles are particularly 
nucleophilic in the polar aprotic solvent DMF. More cyclohexyl acetate (substitution) than cyclohexene 


(elimination) is likely to form. 


Thioethers are good nucleophiles, and CH3I is an excellent electrophile. The product is Me3S* I-. 


3° Alkyl halides normally undergo elimination with hard nucleophiles. Elimination usually occurs from the 
conformer in which the leaving group and H are anti to one another. The product is Z-PhC(Me)=C(Me)Ph 
by the E2 mechanism. 


1° Tosylates are excellent electrophiles, and -CN is an excellent nucleophile, so substitution is likely to 
occur. The configuration at the electrophilic C inverts with respect to the (S) starting material. The 
product, (R)-EtCH(D)CN, is optically active. 


The 1° alkyl halide is likely to undergo substitution given the pretty good nucleophile EtO-. The 
configuration at the electrophilic C inverts with respect to the starting material, but the configuration at the 


stereogenic C in the nucleophile remains unchanged. The product is meso, achiral, and optically inactive. 
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(b) Antibodies to A bind strongly to it. Because the tetrahedral intermediate in the RDS of the reaction so 
strongly resembles A, the anti-A antibodies bind strongly to it, too, lowering its energy. Because the 
tetrahedral intermediate is higher in energy than the starting material, the TS leading to it resembles the 
tetrahedral intermediate, and as a result the anti-A antibodies also lower the energy of the TS, increasing 


the rate of the reaction. 


Answers To Chapter 3 In-Chapter Problems. 


3.1. The by-product is AcOH. It is important in this problem to draw out the structure of AczO and label 
all the atoms. Make: C7—C12, O8-C16. Break: C3—C12, C16-O18. 





Me 
1 CO,Me 


The fact that C12—C3 breaks and C12-C7 makes is a signal that a 1,2-alkyl shift occurs. The shift 
requires that a carbocation be formed at C7, which could be accomplished by cleaving the C7-08 bond. 
Before the C7—O8 bond cleaves, something else must attach to O8 to give it a formal positive charge. 
Because we need to make an O8-C16 bond, that something could be C16. The role of the FeCl; is to 
encourage the ionization of the O18—C16 bond by coordinating to O20. (Alternatively, the FeCl; can 


coordinate to O17, and O8 can be acetylated with C16 by an addition—elimination mechanism.) 


Me O Me Me O 


0 oy :0 +c FeCh +O 
FeCl, Q > Z 
LE GaP fS- 
R : 





— product 





Why do we draw cleavage of the C7—O8 bond concerted with migration of C12? If the two steps were 
nonconcerted, then a C7 carbocation would intervene, and other 1,2-shifts could occur. For example, 
C13 or C14 could shift from C6 to C7. In a 1,2-shift that is concerted with leaving group departure, the 


migrating group must be antiperiplanar to the leaving group, and only C12 fulfills this condition. 


3.2. Make: C2—C12, C4-C10. Break: O1—C2, C4—C6, O8-Si9. Neither O1 nor Si9 are incorporated 
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into the product. 









4 d CH; 80 11 
9 OSE NO SnCl 7 ; ee 
Me3Si~ N 12 a e T 
2 
ae 1 5 eae 
Et” P\o~2 OMe Et’ | > 93 
H 3 H 


The role of the Lewis acid is either to make a 7 bond electrophile more electrophilic or to promote the 
departure of a leaving group. There is no m bond electrophile in the starting material, but O1 is a leaving 
group, so the first step must be coordination of SnCly to O1. Cleavage of the O1—C2 bond gives a 
carbocation at C2 (although it is primary, it is well-stabilized by O3), and the C2 carbocation is attacked by 
nucleophilic C12 to give a C10 carbocation. Now a 1,2-shift of C4 from C6 to C10 can occur to give a 


new carbocation at C6. Finally, fragmentation of the O8—S19 bond gives the product. 





3.3. 
(a) 
B/N p 3 pia -c1 3 
Hc} OH — > HC (Phe =~ HC" a Hyco 
CH, 4 CH, CH, 
(b) 
== 0H) 
ZnCl, 
Ar ks T 
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3.4. Because the carbocations derived from aryl and alkenyl halides are extremely high in energy. 


3.5. The carbonyl O of esters, amides, and the like is always more nucleophilic than any other heteroatom 
attached to the carbonyl C. The first protonation occurs at the carbonyl O. An Sy2 attack of I- on CH3 


then gives the free carboxylic acid. 


+OH OH 
EA ee 
RA `o or R~ `o 


3.6. A few things about this reaction may have caught you off guard. First, the first step is a polar 
reaction under basic conditions, involving the Grignard reagent; only the second step is a polar reaction 
under acidic conditions. Second, two equivalents of the Grignard are required for the product; the second 
equivalent explains whence comes the terminal alkene C (labelled C6’) in the product. (Remember that 
Grignards react with esters by addition—elimination—addition to give tertiary alcohols, and that it is not 
possible under normal circumstances to stop the reaction after one Grignard adds.) Make: C2—C6, C2- 
C6*. Break: C2—O3, C2-04, S15“—C6’. 


30 5,.6 6° 
( H 1) Me3SiCH,MgBr (Ge 
2 ad 2 
2) TsOH 5 
Zone T 6\— SiMe, 
(HH E BrMg, SiMe3 Ç L aa CP ee 
Ort a ane 
TO rea Z + OH, es ToN 
Was SiMe, SiMe; 





O.+ -H oJ O? R oJ o R 
H IA Saa S NO SP 
aia HOW ~R + = 
H H H H 
H H 
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(b) This substitution reaction must proceed by an Syl mechanism. 


H 
Hise H l} 


oTo A o] 0* R Öse H aii 
Cr < oe eo SR (<= HO—Me 
H H H 
H H H 


3.8. The N atom so strongly stabilizes cations that a B-halocarbocation is the likely intermediate, not a 


halonium ion. 


Ota Oop Ot) = 
OF get) =D 


3.9. The products have in common a bromonium ion that is formed by attack of Brz on the face of the 








double bond opposite the acyloxy substituent. The two products not consistent with simple anti addition 


across the 7 bond are obtained via neighboring group participation of the acyloxy group. 


* Br 


se WUT 
Lr- 
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3.10. 
(a) The role of AlCl; is to turn the Cl of t-BuCl into a better leaving group. Ionization of the C—Cl bond 


gives a carbocation, which reacts with benzene by the standard addition—fragmentation mechanism. 


(b) Unlike a Friedel-Crafts alkylation, which requires only a catalytic amount of AlCl}, a Friedel-Crafts 
acylation requires more than a stoichiometric amount of AlCl}. The first equivalent coordinates to the 
carbonyl O; the remaining catalytic amount catalyzes the ionization of the C—Cl bond. The final product is 


obtained after addition—fragmentation and aqueous workup. 





O 
n rog ®Ch rog Alch to ACh 
Hee AIC]; | AICI, | = | H 
ee ——— = + p AlCl, — + a — 
Me Cl Me Cl Me P Me H 
AICI AICI 
+/ 2 O eel 3 O 
pS A aq. workup 
Bg ——~ > product 
Mé H™ Mé 
H H 


(c) The starting material loses the elements of water, but if water is the by-product, what is the role of the 
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POCI;? It is not a Lewis acid; it is a © bond electrophile at P. Because P9 is electrophilic and O1 is 
nucleophilic, the first step must be formation of O1—P4 bond. If this is true, the P-containing by-product 
has an O-P bond. Make: O1—P9, C2—C7. Break: O1—C2, P9-C110. 


5 
4 ô= 
6 gad a? 10 
a lela en 6K! H— CI 
2 


CH; 


In the first step, O1 attacks P9 and displaces C110. After deprotonation of N3, a carbocation at C2 
(stabilized by resonance with N4) is formed. Addition—elimination then gives the product. An alternative 
and reasonable mechanism would have C7 attack C2 before the C2—O1 bond cleaves (addition—elimination 
type mechanism), but the conventional wisdom is that the reaction proceeds through the nitrlium ion 


intermediate. 


O=P—Cl Oy al Oy Cl 
\ ZP Pr 
HN Lo 2 U NS O 
VÝ Yy 7 Cys S 
C 





U Y 
CH, CH, H, 
NS = aN = N 
GCP P 
H H CH; H CH; 
CH, 


3.11. The first product is derived from a normal electrophilic aromatic substitution reaction of the kind 
described in the text. The second product is derived from ipso electrophilic aromatic substitution. The 


mechanism is exactly the same, but in the last step i-Pr* is lost instead of H+. 


-0° `OH -0° OH," om 
; i H H o H P 
i-Pr oe ce 2, i-Pr N i-Pr Na 
O at yo ee 
H i-Pr H i-Pr H i-Pr 


H 3 H o 
n l-ir O7 + 
H i-P, +0 H / H NS 
N QO N+ O 
o° —_> \ —> 
i-Pr H i-Pr H i-Pr H 
H H H 


3-12; 


(a) The initial part, formation of a diazonium ion, proceeds by the mechanism described in the book. 


The second part, substitution of N, by I-, proceeds by the Spy1 mechanism. 


“yy > 


Initiation: -O 
e 
DG: 
O~ -a 
SLE, 
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(b) Here the diazonium ion forms again, but now, an electrophilic aromatic substitution occurs, with the 


terminal N of the diazonium ion acting as the electrophile. 


+ 


N H H 
MeO ng i MeO. N 
H OH > OH — product 
H 


3.13. 
(a) Only an N-N bond is made, and one C-C bond is broken. When an amine is combined with NaNO» 


and HCl, a diazonium ion is formed. An elimination reaction then ensues with loss of CO2. 








HO,C CO,H 
O Ş O # H. oO 
ly ST 29 ` I A 
Neee =, NYY ma —~— SH, — TEN oee 
OH OH, H 
CO,H CO,H CO,H 
O ee 
N YIN + An pH}. 
—N Ht — N-=N = =N — 
£| 
H H 
O x 
CO,H O 


Sp rien O 


3.14. The mechanism is exactly the same as in 3.10(b). 





HÇ CH, 
~ _ AlCl to ACh toc ACh | 
2, AIC | ny AlCl | Š | Me;3Si 
= s mme + — AlCl, — $ a 
Me ~Cl Me ~Cl Me“ (Cl Me 
_ HC CH; HC CH; 


AICI, AICI; 
+ / + / 
A q aq. workup 
= ————__ product 
Me Si Mé 
Me; H H 


(a) The mechanism proceeds by addition—limination. However, both the addition and elimination steps 


3.15. 


Chapter 3 9 


are preceded by protonation and followed by deprotonation. It is very important that these proton transfer 


O y} OH 
+ [08 + -H+ 
a= OS™ Oea 
NH, NH, 
+tO—H O 
2 Sie =i <a a 
Ne, OH 
(b) It is unlikely that the CH—O bond in the starting material will break under aqueous acidic conditions 
(can’t form a carbocation, and Sy2 is unlikely unless conditions are very harsh). Therefore the CH,—O 


bond is preserved in the product, which means that both O’s of the carboxylic acid product come from 


H30. 


steps are drawn properly! 








s H3 
Et New Y tN 
ET Et] E 
HO JES 
HO O “i o+ O HO O 
EL HN, Et *OH, NH; Et < “OH INH; 
7 ‘OH, ~Ht 
HO ~ HO as ee A, mi 
HO O H HO O HOG O 
Et RF TNH; Et O 
HO ee ae } ‘ 
HO H HO OH 
3.16. Make: C1-04, C1-05, 02-C3. Break: C1-02, C3-04, C3-05. 
4 
20 ks ences OE: : 20 
on{ 4 + BO = on{ j " Bo 
H s OEt 5 OEt H 


There are a number of ways this reaction could proceed, but the key step in any of them is attack of O2 on 


a carbocation at C3. 
OEt 


+ 
2OEt H—OEt 20 rog" S ws 
Et H H BO} =e TELA \—ar = -H CNA as On 
t 


OEt OE OEt H H 
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+ 
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$ + Z H—OEt 
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H 


H r Ar Ar 
H H 
Aa 
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H H 


3.17. Under these nearly neutral conditions, it is unclear whether the carbonyl O is protonated before or 


after attack of N. Either way is acceptable. 


O OH 
Sre OH a E OE OH 
TA N a N Ba N= 
H,C ~CH, 1 bpc bpc CH, 
3 3 


3.18. Two substitutions are occurring here: H to Br, and Br to MeO. Looking at the order of reagents, 
the first substitution is H to Br. Bry is electrophilic, so the &-C of the acyl bromide must be made 
nucleophilic. This is done by enolization. The substitution of Br with MeO occurs by a conventional 


addition—elimination reaction under acidic conditions. 


0O: t OH OH + OH 
/N C ce he ee bce 
H3 HBr H; TO 7 H; MeOH 
Br = > S Br Br EZ Br = > 
H H H H H Br—Br H Br 
OH H (COH +OH O 
Br (Br 
H Br H Br H Br H Br 


Answers To Chapter 3 End-of-Chapter Problems. 


1. (a) In order to compare it directly with the other two carbocations, the carbocation derived from the 
first compound should be drawn in the resonance form in which the empty orbital is located on the 3° C. It 
can then clearly be seen that the three carbocations are all 3° carbocations that differ only in the third carbo- 


cation substituent. The order of substituent stabilizing ability is lone pair > z bond > o bonds. 
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Me Me Me 
je -Bu—— Br MeO— Br 
Br Me Me Me 
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(b) The first compound gives an antiaromatic carbocation. Among the other two, the second compound 
gives a cation with the electron deficiency delocalized across one 2° and two 1° C’s, while the third 


compound gives a cation with the electron deficiency delocalized across three 2° C’s. 


Cl Cl Cl 


3 2 1 


(c) The order of stability of alkyl cations is 3° > 2° > 1°. 


OTs 1 2 3 
OTs 


(d) The second compound gives a lone-pair-stabilized carbocation. Among the other two, 1° alkyl carbo- 


cations are more stable than 1° alkenyl carbocations. 


H3C OTf OTf H3C OTf 
\—/ TE / 
/ 
HC HC HC 
e g mr j n 


(e) The first compound generates a cation that can be stabilized by the lone pair on N. The second com- 
pound generates a cation that cannot be stabilized by the lone pair on N due to geometrical constraints 
(would form bridgehead 7 bond, a no-no). Therefore the inductive effect of N destabilizes the carbocation 


derived from the second compound relative to the carbocation from the third compound, in which the N is 


N N 
TsO any wo hs 
3 2 


(£) The second and third compounds generate cations that can be directly stabilized by resonance with the 


more remote. 


lone pairs on the heteroatoms, with N more stabilizing than O, while the cation from the first compound 


isn’t stabilized by resonance with the heteroatom at all. 
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AcHN AcHN AcO 
Br 
Br Br 
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(g) The second compound (a triptycene) provides no 7 stabilization to the corresponding cation, because 
the p orbitals of the phenyl rings are perpendicular to the empty p orbital. The first compound is more 
likely to ionize than the third for two reasons. (1) The phenyl rings in first compound are more electron- 
rich (alkyl-substituted). (2) In the first compound, two of the phenyl rings are held in a coplanar 
arrangement by the bridging CH9, so they always overlap with the empty p orbital of the cation. In the 
third compound, there is free rotation about the C—Ph bonds, so there is generally less overlap between the 


Ph 7 clouds and the empty p orbital of the cationic center. 


Ph 
Ph + OH 
Ph OH L [N Ph 
HO 
3 


2 


(a) Excellent carbocation, nucleophilic solvent, ... Syl. Br- leaves spontaneously to give a carbo- 
cation, which combines with solvent to give a protonated ether, which loses H* to give the product. 

(b) Excellent carbocation, nucleophilic solvent, .. Syl. First O is protonated, then OH? leaves to give 
carbocation, Next, the carbonyl O of AcOH adds to the carbocation, and then Ht is lost from O to give the 
product. 

(c) Excellent carbocation, nonnucleophilic solvent, ... E1. First O is protonated, then OH? leaves to 
give carbocation. Finally, Ht is lost from the C adjacent to the electron-deficient C to give the alkene. 

(d) Good carbocation, nucleophilic solvent, ... Syl. The product is racemic. Br- leaves spontane- 
ously to give a planar, achiral carbocation; then the carbonyl O of HCO?H adds to the carbocation from 
either enantioface. Finally, H+ is lost from O to give the product. 

(e) Excellent carbocation, nucleophilic solvent, ... Syl. Here the nucleophile is Cl-, because addition 
of H2O simply gives back starting material. First O is protonated, then OHp leaves to give carbocation, 
then CI- adds to carbocation to give the product. 

(£) Excellent carbocation, nucleophilic solvent, .. Sl. First the O of the OH group is protonated, 
then OH?> leaves to give an O-stabilized carbocation. Next, the O of CH30H adds to the carbocation, and 
finally H* is lost from the O of OCH3 group to give the product. Note that the ring oxygen could also act 
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as a leaving group to give an acyclic compound, but entropy favors the loss of the OH group (because two 
products are formed from one). 

(g) Awful carbocation, so can’t be Syl. Strongly acidic conditions, excellent nonbasic nucleophile, .°. 
Sn2. First O is protonated, then Br~ does a nucleophilic displacement of OH, to give the product. 

(h) So-so carbocation, excellent nonbasic nucleophile. Could be Sy1 or S2. First O is protonated; 
then, either Br~ displaces O from C to give product, or O leaves to form carbocation, and then Br~ adds to 
the carbocation. The regiochemistry is determined by the formation of the stabler carbocation. (Even in 
Sn2 reaction, the central C in the transition state has some carbocationic character, so the more substituted 


C undergoes substitution under acidic conditions.) 


Ph 
OAc Ph H CH, 

(a) ve Cy (c) CY @ ph ocHo 
— O Br Br 

© pa © [om © O” WoA p 


3. Number the C’s in 1. We see that the first set of compounds, 2-4, are all obtained by formation of a 
bond between C4 and C8. To make the C4-C8 bond, we could make C4 electrophilic and C8 nucleo- 
philic, or vice versa. If we make C8 electrophilic by protonation of C9, then after attack of C4, we end up 
with a 1° carbocation on C5 — very unstable and not what we want. On the other hand, if we make C4 
electrophilic by protonating C5, then after attack of C8 on C4, we end up with a 3° carbocation on C9. As 
compounds 2-4 differ only in the location of the n bond to C9, suggesting that loss of H* from a C9 


carbocation is the last step, this is what we need to do. 
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The next set of products, 5-9, must be formed from 2-4. To get from 2-4 to 5-9, we must break the 
C4-C8 bond again. This is easy to do if we regenerate carbocation A. Cleavage of the C4—C8 bond 
gives a C8=C9 t bond and a carbocation, B, at C4. Loss of Ht from C5 or C3 of B gives product 5 or 
9, respectively. Compounds 5 and 9 can then partly isomerize to compounds 7 and 6, respectively, by 
protonation at C8 and loss of Ht from C11. Loss of H+ from C6 of B, followed by protonation at C8 
and loss of Ht from C11, gives product 8. 
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After a while longer, compounds 5-9 are converted into compounds 10-12. Note that since all of 5-9 
are easily interconverted by protonation and deprotonation reactions, any of them could be the precursors 
to any of 10-12. 





Compound 10 has a new C4—C11 bond. Either C4 is the nucleophile and C11 is the electrophile, or vice 
versa. Either way, compounds 5 and 9 are excluded as the immediate precursors to 10, since they both 
have a saturated C11 that cannot be rendered nucleophilic or electrophilic (except by isomerization to 6, 7, 
or 8). If C11 is the nucleophile, this would put a carbocation at C9, which is where we want it so that we 
can deprotonate C8 to form the C8=C9 m bond in 10. So we might protonate 6, 7, or 8 at C3, C5, or 
C6, respectively, to make an electrophile at C4. However, note the stereochemistry of the H atom at C3 in 
10. Both 7 and 8 have the opposite stereochemistry at C3. This means that 6 must be the immediate 
precursor to 10. Protonation of C3 of 6 from the top face gives a carbocation at C4. Attack of the 
C11=C9 xz bond on C4 gives a new o bond and a carbocation at C9. Loss of Ht from C8 gives 10. 
H;C H H CH3 H3C H CH3 
H3C 


H3C 6 H3C 
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HC H 
H3C 





Compound 11 has new bonds at C5—C9 and C13-C4, and the C3—C13 bond is broken. Also, a new 
C2=C3 v bond is formed. The shift of the C13—C3 bond to the C13—C4 bond suggest a 1,2-alkyl shift. 
Then loss of H+ from C2 can give the C2=C3 m bond. So we need to establish a carbocation at C4. We 
can do this simply by protonating C5 of 5 or 7, but if we do this, then we can’t form the C5—C9 bond. 
But allowing C5 to be a nucleophile toward a C9 carbocation will give a similar carbocation at C4 and 
gives the desired bond. The requisite carbocation at C9 might be generated by protonation of C8 of 5 or 
C11 of 7. Addition of the C4=C5 r bond to C9 gives the C5—C9 o bond and a carbocation at C4. A 1,2- 
alkyl shift of C13 from C3 to C4 gives a carbocation at C3, which is deprotonated to give 11. 





CH3 H3;C H +- CH3 HC H CH3 
i H3C H3C 
= — —_ 
8 
+ 
H H 
5or7 
HC H CH3 
H3C 
— 11 
H 
H” 
H 


The key to 12 is numbering its C’s correctly. It’s relatively easy to number the atoms in the bottom of the 
compound as C1 to C3 and C11 to C13, but the atoms in the top half of the compound could be labelled as 
C4 to C9 or the other way around, as C9 to C4. If you label the atoms incorrectly, the problem becomes 


nearly impossible. How do you decide which is correct? 





Make a list of make and break for each compound. 


Left make: C3—C9, C3—C11, C4-C13. Right make: C3—C9, C3—C11, C9-C13. 
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Left break: C3—C13, C9-C11. Right break: C3—C13, C9-C11. 


The only difference is that on the right, we need to make C4—-C13, while on the left, we need to make C9- 
C13. Which is better? On the left, the C4—C13 bond can be made and the C3—C13 bond can be broken by 
a 1,2-shift. This can’t be done on the right. Also, in compound 11 we made a C4—C13 bond. Not a lot 
to go on, but the first numbering seems a little more likely, so we’ll go with it. If you were unable to 


number the atoms correctly, go back and try to solve the problem now. 


The broken C13—C3 and new C13-—C4 bonds suggest a 1,2-alkyl shift of C13 from C3 to a C4 carbo- 
cation, leaving a carbocation at C3. The broken C9-C11 and new C3—C11 bonds suggest a 1,2-shift of 
C11 from C9 to a C3 carbocation, leaving a carbocation at C9. Since a shift of C11 from C9 to C3 could 
only occur after C3 and C9 were connected, this suggests that the C3—C9 bond is formed first. Such a 
bond would be formed from a C9 carbocation with a C3=C4 a bond. The C9 carbocation could be 
formed from 6 or 9. Attack of the C3=C4 m bond on C9 puts a carbocation at C4. Then C13 shifts from 
C3 to C4. That puts a carbocation at C3. Then C11 shifts from C9 to C3. Finally, deprotonation of C8 


gives the product. 


Il 
Hg3 9 CH; 
— 
H3C 
CH; 
12 





H3C H3C 


In a deep-seated rearrangement like this, it’s sometimes easier to work backwards from the product. The 
T bond at C8=C9 in 12 suggests that the last step is deprotonation of C8 of a carbocation at C9, C. 
Carbocation C might have been formed from carbocation D by a 1,2-alkyl shift of C11 from C9 to C3. 
Carbocation D might have been formed from carbocation E by a 1,2-alky1 shift of C13 from C3 to C4. 
Carbocation E might have been formed from carbocation F by attack of a C3=C4 7 bond on a C9 
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carbocation. The C9 carbocation could have been formed from 6 or 9 by protonation of C11 or C8, 


respectively. 
6 5 
8 
H3C —> H3C = H3C ` 
2 11 ot 11 11 
H3C H3C H3C 
I| B pp 13 
CH3 12 CH; CH3 


4. (a) Make: C3-08, C4-C10. 


2_ 1 8 
OSiMe, Onn? 7 

3 ae Li 

4 —> 
7 + 
15 
O 

5 6 14 12 13 





C4 is nucleophilic (enol ether), and C10 is electrophilic. The Lewis acid makes C10 more electrophilic by 


coordinating to O13. After conjugate addition, O8 traps the C3 carbocation. Proton—Lit exchange gives 






the product. 
z H Ç'OSiMe 
F) 3 
: H 
f O n re OS [m aN 
Lit ga -> 
O O 
H 
; H 
LiO LiO 
D — — 
a. SiM = OSiM 
O° 1 3 O+ 1 e3 


, (NG 
LiO Li—O H—O 
s | 
Ht —> H —> 
O `OSiMe; O `OSiMe; O `OSiMe; 
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(b) Make: C2-N8, C6-N8. Break: O1-C2, C2-C6. 


7 
3 1 8,9,10 A 2 CH 
5 CH, 2) NaBH, 5 Ne 
6 7 n-Bu 


N8 of the azide adds to the carbocation to give an amine with an N2* leaving group attached. Concerted 
1,2-migration of C6 from C2 to N8 and expulsion of N2 gives a N-stabilized carbocation, which is 


reduced by NaBH, to give the product. 





oom N offs n-Bu + a 
+ Cc = 
OH Ht OH, + cH, .N=N=N 
CH; CH; h m 
E H H nBu 
iN | + | + n-Bu _n-Bu 
N-~N=N N: NS -H N 
oe > + -> | q z» 
CH CH rom 
i 3 CH3/ NaBH,) CH; 


(c) Bromine is an electrophile, so we need to convert the CH2 group into a nucleophile. This might be 
done by converting it into an alkene C. There is a leaving group next door, so we can do an El 
elimination to make an enol ether. Another way to look at it: under acidic conditions, acetals are in 
equilibrium with enol ethers. Either way, after bromination of the enol ether, a new carbocation is formed, 


which ring-closes to give the product. 


H 
.. ~ CH3 of) CH3 Ph 
O 
SFe HP eae 
O Ph O Ph in 
Ph Br—B Ph 
r kia . yee ow 
Oe SG NN CH3 > OR ORR CH3 — 
=) z Br 
H H 
H 
ley CH3 CH3 
O H O H 
L Br => Br 
O Ph O Ph 


(d) Both reactions begin the same way. AlMe;3 is a Lewis acid, so it coordinates to the epoxide O. The 


epoxide then opens to a carbocation. 
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oe ° / 7 
e O° > O O 
e AlMe3 BO g 
EtO R — > EO R= R 
F3CE H F3CF> H F3CF2 H 


2 


When R= CH?CH92Ph, the coordinated Al simply transfers a Me group to the carbocation C (o bond 
nucleophile). The O atom then coordinates another equivalent of AlMe3 before the product is obtained 


upon workup. 





3C 
H;C Ar a Me3Al 
3 Pos ~~ CH’ e3 \ + 
O H3C .O— Al AlMe3 H3C O— AlMe> 
R EtO R EtO R 
F3CF2C H F3CF> H F3CF) H 


When R= cyclohexyl, the R group migrates (1,2-alkyl shift) to give a new carbocation. (2° Alkyl groups 
are more prone to migrate than 1° alkyl groups.) After Me transfer to the new carbocation and coordination 


of another equivalent of AlMe3, workup gives the product. 


oe CFC oth 
= F3CF) 2s 
EtO., + ‘N N 
CH3 + CH 5 
Sot | roA A R 
F3CF2C R R H 
F oon Mes Al, à 
F3CF2 :O— Al AlMe3 F3CF> O— AlMeo H20 F3CF> OH 
CH; ——~ — 
EtO CH3 EtO CH3 EtO CH3 
R H R H R H 


(e) Make: C1-C6. An acid-catalyzed aldol reaction. 
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E s Et 5 O O 
S H 
ic.) 8 O7 Et O7 Et 
ROTTS — v0 = 
CH, Ng 
H Å +O-H H O 


(f) Make: C1-C6. Break: C7-Cl. 


H;C CH, H;C CH, 





8 7 9 
H3C Et 
The reaction looks like a simple Friedel-Crafts alkylation, but there is a twist — the leaving group is not 
on the C which becomes attached to the ring. After formation of the C7 carbocation, a 1,2-hydride shift 
occurs to give a C6 carbocation. The 1,2-hydride shift is energetically uphill, but the 2° carbocation is then 


trapped rapidly by the arene to give a 6-6 ring system. 


H,C CH, H,C CH, E H,C CH, 
AICI; 
oN t7 
Ph Cl: AlCl, Ph Cl Ph CH 
—__ L —_ 3 = 
CH; CH, l 
Et Et A E 
H H 
HC CH; H;C CH, H;C CH, 





H3 
— — 
Et af Et 
H 
Boa Soi 


(g) Number the C’s! The sequence C2—C3—C4—C5—C6 is identifiable on the basis of the number of H’s 
and O’s attached to each C in starting material and product. Make: C2—C6. Break: C1—C6. This pattern 
is evocative of a 1,2-alkyl shift. The C1—C6 bond is antiperiplanar to the C2—Br bond, so it migrates. 


Et 
H 
H~ ~CH, 


3 


O 
yi, 2a A 
Br 


2 6 5 
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O 
; O -GAN ai 
HC wi mA 
a H 


So — Ho 


(h) The first step of this two-step reaction takes place under acidic conditions, and the second step takes 
place under basic conditions. The product from the acidic conditions needs to be a stable, neutral 


compound. 


NBS is a source of Brt. It reacts with alkenes to give bromonium ions. Then both C—Br bonds need to 
be replaced by C—O bonds by single inversions, since the trans stereochemistry of the double bond is 
retained in the epoxide. Under these acidic conditions the bromonium ion is opened intramolecularly by 


the acid carbonyl O, with inversion at one center; loss of H+ gives a bromolactone. 
y g 


£ l e Sa 
O Br O: 
SAG Ph awe Ph 
SS ce R 
Br 





H + H 


Now MeO- is added to begin the sequence that takes place under basic conditions. The MeO- opens the 


lactone to give a 2-bromoalkoxide, which closes to the epoxide, inverting the other center. 


H yD y DOCH; 
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130 11 CHO” 
Æ 10 


cat. H* 


z 








ascorbic acid 





Both C2 and C3 are B to an OH group, and C3 is also B to a carbonyl. Thus C3 is subject to both pushing 
and pulling, but C2 is subject only to pushing. The first step then is likely attack of nucleophilic C2 on 
electrophilic C11. Then the C3 carbocation is trapped by O12. 





Now the furan ring is formed. Either O13 or O14 must be lost (certainly as H20). If O14 is lost, a carbo- 
cation at C11 would be required. This carbocation would be destabilized by the electron-withdrawing 
carbonyl at C18. Better to protonate O14, have O14 attack C8, and then lose O14 as H20. 
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(j) Addition of NaNO, and HCI to an aniline always gives a diazonium salt by the mechanism discussed 
in the chapter (Section D.2). 


H *o: O: 
ee +O | 14 ú ~Ht ee UAN 
OLP = CPE E T = 
ee H 


H 


ae wt 
+ ee ~Ht* we + 
tex ECO eS New 
4 U 


Then the second arene undergoes electrophilic aromatic substitution, with the terminal N of the diazonium 
salt as the electrophilic atom. When nucleophilic arenes are added to diazonium salts, electrophilic 


aromatic substitution tends to take place instead of Sn1 substitution of the diazonium salt. 


. + 
CcNMe, F NMe, 
os Ph— N’ Q Ph—N 
Ph—N=N: 5 A 5 A 
S A „N ah Neme, 


H 


(k) Salicylic acid (as in acetylsalicyclic acid, or aspirin) is 2-hydroxybenzoic acid. 


,N OH 
7 


CO 2H 


(D Two new o bonds are formed in this reaction. In principle either the N—C bond or the C-C bond could 
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form first. Benzene does not generally react with ketones, while the reaction of an amine with a ketone is 


very rapid. Therefore the N—C bond forms, and iminium ion is generated, and then electrophilic aromatic 


substitution occurs to give PCP. 





C3 and N11 are nucleophilic, C4 and C8 are electrophilic. Which bond forms first? Once the N11—C4 
bond forms, C3 is made much less nucleophilic. So form the C3—C8 bond first (Michael reaction). C3 is 
made nucleophilic by tautomerization to the enol. The Michael reaction must be preceded by protonation 
of N11 to make C8 electrophilic enough. After the Michael reaction, the enamine is formed by the 


mechanism discussed in the text. 
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HC H HG H O H.C 
Oo H? O H H`] H 
R agt 
Ra ek 2 
R, DO 
LO O CH + 
a CH; NHBn Ce F H.C N 
n ‘N 
H H oe HO L Bn 
H, O HC O H.C 
H`] H H`] H H 
R R R 
| — — || 
H.C 
C1 No H,C~ + NS HC ONK 
H, O+ Bn Bn Bn 


(n) The elements of MeOH are eliminated. However, since there are no H’s B to the OMe group, the 
mechanism must be slightly more complicated than a simple E1. The key is to realize that formation of a 
carbocation at the acetal C is unlikely to occur with the keto group present. Under acidic conditions, the 


keto group is in equilibrium with the enol, from which a vinylogous E1 elimination can occur. 


o: A OH OH 
Aco rae A\ CH, -Ht \=\ CH, 
= — 
o o onl Ol 
H 
:OH +0—H O 
< H ys H 
Yt CH; __ CH; 
E == | CH; == | i if 
o TS yo 


(o) Nitrous acid converts primary amines into diazonium salts RN2+. The N2 group is an excellent 
leaving group. Formation of the carbocation followd by 1,2-alkyl migration gives a more stable 
carbocation, which loses H+ to give cyclobutene. Alternatively, o-elimination could occur from the 


diazonium ion to give a carbene, which would undergo the 1,2-hydride shift to give the alkene. 
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(p) The most basic site is the epoxide O. Protonation followed by a very facile ring opening gives a 3° 
carbocation. A series of additions of alkenes to carbocations follows, then a series of 1,2-shifts. The 
additions and 1,2-shifts have been written as if they occur stepwise, but some or all of them might be 
concerted. In principle, any of the carbocationic intermediates could undergo many other reactions; the 


role of the enzyme is to steer the reaction along the desired mechanistic pathway. 


Pren 





(q) The scrambling of the 15N label suggests a symmetrical intermediate in which the two N’s are equiva- 
lent. Incorporation of 180 from H20 suggests that a nucleophilic aromatic substitution is occurring. 
Double protonation of O followed by loss of H20 gives a very electrophilic, symmetrical dicationic inter- 


mediate. Water can attack the para carbon; deprotonation then gives the product. 
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(r) (1) The two Cl-O bonds undergo substitution with C1—S and C1—N6 bonds. Under these Lewis 


acidic conditions, and at this secondary and O-substituted center, the substitutions are likely to proceed by 
an Syl mechanism. The order of the two substitutions is not clear. 


H 
OL 1,,0Me OSiMe O N, ¿O 
5 3 
Be a ok 
k 2 x - S Nî 
Mess Sg Beso T er A~ ry 
Me;SiHN 3 N 


w ~~ OSiMe; H, 2 ree 
O 
o Et 
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4 OSiMe, Me3SiO 
Me;3Si0, S è . X Me;SiO, S = N 
DIRAN ON N = 
| AY —> — Ae — 
a < QOSiMe; À £ SiMe; 
O O Et 
Et 
as O 
ee: HO S \_NH 


O H,O workup- ami N O 
man O HN È Ea 


)-6 Et 
O 


(2) Now only the endocyclic C1—O bond undergoes substitution, but the C4—O bond undergoes 
substitution with a C—-S bond. In the previous problem we had S attack the C1 carbocation to give a five- 
membered ring. In the present problem, this would result in the formation of a four-membered ring, so 
the external nucleophile attacks C1 directly. We still need to form the C4—S bond. As it stands, C4 is not 
terribly electrophilic, but silylation of the urethane carbonyl O makes C4 more electrophilic. Then attack of 
S on C4 followed by desilylation gives the product. Si = SiMe3. 


OSi 





a 

we A OSi 
O O O O : O oe 
> Et 
SSi SSi 
SiO 
Si’ SiO MeO =N $ 
A N = O SiO O 
= \ — ees — 
XN Si . 
SiHN O : Et SINO O Et 
SSi 
SiO SiO O 


OM 
BOS a O SiO MeO. N o HO MeO. N o 
S EEN H,O a 
— > 


als Et Et work-up Et 
SiS, S S 





(s) Five-membered ring formation proceeds through a bromonium ion intermediate. 
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a Ph ( Br Phy _ Br 
H A iea CH CH 
i gH Bi p ow: \ CH H" 
ee H Al => » _ » 
SS + E 
> X : 
H (SB H Br H Br 


The five-membered ring can convert to the six-membered ring by two Sy2 displacements. 


çH, Hs. 
E im Fe 
on 
(t) The dependence of the rate of the reaction on the length of the alkyl chain suggests that an 


intramolecular reaction occurs between the nucleophilic O and the electrophilic C attached to Cl. 





O O O O 
a Hel $ pa 
reac ed ea ae :OH, Ph~ ~N ag 
Ph~ SO Ph ~O Ph~ SO Pho 
2 
OH* OH +OH 
č O O 


(u) The key atoms to recognize for numbering purposes are C7, C4, and C3. Then the others fall into 
place. Break: C2-C3, C4-C5. Make: C3-C5. 





The cleavage of C5—C4 and formation of C5—C3 suggests that we have a 1,2-alkyl migration of C5 from 
C4 to a cationic C3. Then the electrons in the C2—C3 bond can move to form a new 7 bond between C3 
and C4, leaving a stabilized acylium ion at C2. After addition of H20 to the acylium ion, an acid-catalyzed 


electrophilic addition of the resultant carboxylic acid to the alkene occurs to give the final product. 
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OH C6n, 


Ph Ph 





(v) The OCH; group is lost, and an OH group is gained. Whereas in the starting material C1 and C3 are 
attached to the same O, in the product they are attached to different O’s. It is not clear whether O2 remains 
attached to C1 or C3. Make: O9-C3, O10-C3; break: C3—O4, C3-02. OR make: O9-C3, O10-C1; 
break: C3-04, C1-02. 








H3C 
O F 10 
C OH H30 
O 7 4 
wee 6 re = <3 oor? 
wo 20. fs Cis 3 go H 
3 2 or 10 H3Co6 
4 OCH; 


The first step is protonation; since all of the C—O bonds to be broken are C(sp~)—O bonds, the direct 
ionization of a C—O bond won’t occur, so protonating O is unproductive. Both C5 and C7 need to gain a 
bond to H; protonation of C5 gives the better carbocation. Water can add to make the C3—O10 bond. The 


rest of the mechanism follows. 
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OH OH OH 





: OH eee 
Ht —» H 2 pa H 1 
CH; CH; CH; 
of On o~- Lon, 
OCH; OCH, OCH, 
OH QH OH T 
Wo c H ones OCM ae 
OH 
an ale ol, CH, o H is 
x! Ou H3C 
OCH; HCO + 
H 
On b O O 
COcH; H 
m a Sy ae 
OH OD O 
H ~ H y H 
O O O 
CH H.C H CH 


(w) Make: O2-C8, C5-C8. Break: C8—N, C1-02. C8 is nucleophilic. SnCly coordinates to O6 to make 
C5 more electrophilic, and C8 attacks C5. Then O2 circles around to displace N, from C8. Finally, Cl- 
from SnCly can come back and displace O2 from C1. The stereochemistry of the product is 


thermodynamically controlled. 


0° 20 9 
8 
fg: 3 a JS 78 9 SnCl, 3 neeo E ; 
Ph~ ~O o t NLGHCOIBt eee. te PhCH)X 
Me Me M eec on 
Bno :0: BnO *0—SnCy BnO*\. Ọ— SnCl, 
S saci C|| 
| a ane H ae 
-— CO,Et Qe CO>Et 
Me Me Me M07 Me Me +N, H 
CO,Et (0 CO,Et 
BnO H Ph~ (56 H 
H Cl : H — 
— Sn- l 
Me Me @ cl, Me Mee 
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CO,Et CO,Et 

O H O H 
H work-up H 

Me Me OSnCl, Me M OH 


(x) Make: C3-C6. Break: C6-N5. 


Of O4 


Lis + NxCHCO,Bt 2 > aA cont 
Ph 3 H Ph 3 


Reaction starts off the same way as last time. After addition to the carbonyl, though, a 1,2-hydride shift 
occurs with expulsion of N> to give the product after workup. 


Ph £0: Ph +O—SnCl, Ph ,!0—SnCl, 
Lo ssn, Lo H 


H 
j \ HU cok ig < COE 
NS Me Me +N, H 
Ph +O—SnCl, Ph =O 
H work-u H 
CO,Et CO,Et 
Me Me H Me Me H 


(y) The stereochemistry tells you that neither a simple Sy1 nor an Sy2 mechanism is operative. Two Sy2 
substitutions would give the observed result, however. When 1° amines are mixed with HNO;,, a diazo- 


nium ion is formed. Intramolecular Sy2 substitution by the carbonyl O gives a lactone, and then a second 
Sy2 substitution by CI- gives the product. 


OH 


Bn ~OH 
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(z) Make: C2—C4. Break: C6-Sn. 


10 





RSO N, 
5 “SnBu, 


C2 is electrophilic, especially after BF3 coordinates to it. C4 can then act as a nucleophile, making C5 


carbocationic. Fragmentation of the C6—Sn bond gives the product. 


ie R! F3 


B—O 
se 
R3Si0 og R3 SiO E 


“SnBu; “SnBu, Y “SnBu; 
F3 


B—O et 
ye work- work-up ae 
R3Si0 R3Si0 


(aa) Numbering correctly is key. C4 through C7 are clear. The Me group in the product must be C1, and 
it’s attached to C2. The rest follow. Make: C7—C9, C4—C8. Break: C7—C8, C4—C9. 





R;SiO 





First step is protonation of O10 to make C8 electrophilic. Then a shift of C4 from C9 to C8 occurs to give 
a cation at C9. This is followed by a shift of C7 from C8 to C9. Deprotonation of O10, protonation of 
C1, and deprotonation of C3 give the product. 
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(bb) Make: C1-I6. Break: C1-N2, C5-16. 


5 6 


NN O MCI 
1 4 ge 1 6 
ws—= Ý ae 4 wsi jH 
2 


Hold on! What happened to N2, N3, N4, and C5? One possibility is that the new product has an N2-C5 
bond. But this doesn’t seem too likely, because it seems that this compound would want to form N3. If 
we assume N3 is formed, then there must be a new N4-C5 bond. Make: C1-16, N4-C5. Break: C1-N2, 
C5-I6. The first step is attack of N4 on C5, displacing I6. Cleavage of the N3—N4 bond then gives a 


diazonium ion, which undergoes Spy substitution as in in-chapter problem 3.12. 





we 


NN 0 nic 
=a Way = J- AY Xp —- 











MeO 


The first step must be protonation to form a nice stable carbocation. The first protonation can occur on C3 
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to give a C2 carbocation or on O8 so it can leave to form a C6 carbocation. Let’s assume the former for 
now. Protonation on C3 gives a carbocation to which O11 can add. Proton transfer to N1 is followed by 
cleavage of the N1-C2 bond. Another proton transfer from O11 to O8 is followed by cleavage of the O8— 
C6 bond to give a C6 carbocation. At this point, we have the opportunity to turn C7 into a nucleophile by 
H+ transfer from C7 to O11 to give an enamine. Attack of C7 on C2 is now followed by H* transfer from 
N1 to O11 and cleavage of the O11—C3 bond. Finally, O11 attacks C2, and H* transfer from O11 to N1 
is followed by cleavage of the N1—C6 bond to give the products. 





A similar mechanism can be drawn if O8 is protonated first (not shown). Cleavage of the O8—C6 bond 
gives a C6 carbocation to which O11 adds. After cleavage of the N1—C6 bond, H* transfer from C7 to C3 
occurs to give an enol and an iminium ion. C7 then attacks C2, and elimination of the amine follows to 


give the products. 
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(dd) Make: C1-C5. Break: C5-06. 





1 6 7 8 
H,C.2/-A~5_CH, ë HMO ʻo 
H H 





The first step is protonation. Because both C3 and C4 need to pick up protons, we protonate on C4. At 
this point, there’s not much we can do except allow H30 to add to the carbocation, even though this is not 
a bond that is in our list of bonds that need to be made; we will need to cleave it later. Addition of O8 to 
C5, H* transfer from O8 to O6, and cleavage of the C5—O6 bond follow. At this point we still need to 
make the C1-C5 bond. C5 is clearly electrophilic, so C1 needs to be made nucleophilic. Proton transfer 
from O8 to C3 and another Ht transfer from C1 to O8 gives the C1 enol, which attacks the C5 
carbocation. Another H* transfer from C1 to O8 is followed by cleavage of the O8-C5 bond, and loss of 
H* gives the product. 


S7 to O 


on) 
H,C CH, H,C SCH; son, HC CH, yp 
Ve Fie a a 


H H+H H gH H H H 





Answers To Chapter 4 In-Chapter Problems. 


4.1. The numbering of the atoms is quite difficult in this problem. The number of Me groups in the 
product suggests that at least two equivalents of the bromide are incorporated into the product. But which 
ring atoms are C3 and which one is C6? And even if one of the ring carbons is arbitrarily chosen as C6, 
there is still the question of whether C3 or C2 becomes attached to C6. This problem is solved by noting 
that step 1 turns the bromide into a Grignard reagent, which is nucleophilic at C3, so it is likely to attack 
C6, and electrophilic atom. Make: C3—C6, C3’—C6, C2—C2*. Break: C6-07, C6-08, C3-Br, C3—Br. 


70 Me H 






1 


2 
M D 
4 


Me 1 


5 lle 4 
Br Mg CH,COEt Ht Me~3 
— > — 6 — > 


In the first step, the bromide is converted to a Grignard reagent. In the second step, two equivalents of the 
Grignard reagent react with the ester by addition—elimination—addition. (Remember, the ketone that is 
initially obtained from reaction of a Grignard reagent with an ester by addition—elimination is more 
electrophilic than the starting ester, so addition of a second Grignard reagent to the ketone to give an 
alcohol is faster than the original addition to give the ketone.) In the last step, addition of acid to the 
tertiary, doubly allylic alcohol gives a pentadieny! cation that undergoes electrocyclic ring closure. Loss of 


H* gives the observed product. 





M Me M 
H 
BrMg 
H A D A “Me H -O Me H 
Ht 
Me” S Me Me Me SS Z “Me — 
Me Me Me 
+ 
H,Q Me Me Me 
Me &% Me M + Me Me Me 
r | — NI ° —> product 
4 
Me Me Me Me Me Me 
H H H H H H 


4.2. As usual, the key to this problem is numbering correctly. The main question is whether the ester C 
in the product is C3 or C4. Because a ring contraction from 6- to 5-membered is likely to proceed by a 


Favorskii rearrangement, where the last step is cleavage of a cyclopropanone, it makes sense to label the 
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ester C as C4. Make: C3-C5, C4-C15. Break: C3-09, C4-C5, C5—O13, O11-Ts12. 





8 O7 8 O7 8 O7 
O 15 O 
4 4 27 1 J6 NaOMe 4 ATE 
3 HENCE 1 o a tenn o ae 7 A 
mee i ; in 
OMe OMe 11 OTs12 15 OMe 


Hold on! If the O11-Ts12 bond is broken, and the electrons go to O (as seems reasonable), what happens 
to the Ts? Some nucleophile must form a bond to it. The only nucleophile in the mixture is MeO-, so let’s 
add Ts12—O15 to our make list. 


NaOMe is a good base, and with all these TsO groups, an E2 elimination reaction to break a C-OTs bond 
seems reasonable. Either the C3—O9 or the C5—O13 bond can be cleaved; we choose the C5—O13 bond 
here, but cleavage of the other bond works, too. The product is an enol tosylate. A second elimination 
reaction is not possible, but at this point we can form the Ts12—O15 bond and cleave the O11—Ts12 bond 
by having MeO- attack Ts 12, displacing O11 to make an enolate. Electrocyclic ring closing with 
concurrent cleavage of the C3—O9 bond gives a cyclopropanone. Addition of O15 to C4 and then C4—C5 


bond cleavage with concurrent protonation of C5 by solvent gives the product. 


a 
ror -— a ee Ces 
æ> OTs TsO ) nD H 

O—Ts O 





Deprotonation of C1 gives an enolate ion, which in this compound is actually a 1,3,5-hexatriene. As such 


it can undergo an electrocyclic ring closing. Protonation gives the product. 
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a SS 
|> | oe a | — | —+» product 
ae) T: CH; H3C CH, HC CH; H;3C C as 
H 2 


You may have been tempted to draw the C1—C8 bond-forming reaction as a conjugate addition. However, 
once C1 is deprotonated, the carbonyl group is no longer electrophilic, because it is busy stabilizing the 
enolate. Itis much more proper to think of the bond-forming reaction as an electrocyclic ring closure. 


This problem illustrates why it is so important to consider all the resonance structures of any species. 


4.4. Make: C2-C7. Break: C2-C5. 





You may be very tempted to draw the following mechanism for the reaction: 


H O H O-H 
~H* 
H a | H eee 
H 
ie ae H 
H H 
H H H 


However, this mechanism is not correct. Itis a [1,3]-sigmatropic rearrangement, and for reasons which 





are discussed in Section 4.4.2, [1,3]-sigmatropic rearrangements are very rare under thermal conditions. 
A much better mechanism can be written. The C2-C5 bond is part of a cyclobutene, and cyclobutenes 
open very readily under thermal conditions. After the electrocyclic ring opening, a 1,3,5-hexatriene is 
obtained, and these compounds readily undergo electrocyclic ring closure under thermal conditions. 


Tautomerization then affords the product. 





H, O H, ZÈ H, O H 
=C H ~Ht 
H _~ = Z T H ~> product 
SAF OH 
H Hu Y H H H 
H H H H 


4.5. The product has a cis ring fusion. 
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4.6. The first electrocyclic ring closure involves eight electrons, so it is conrotatory under thermal 
conditions, and the two hydrogen atoms at the terminus of the tetraene, which are both in, become trans. 
The second electrocyclic ring closure involves six electrons, so it is disrotatory under thermal conditions, 
and the two hydrogen atoms at the terminus of the triene, which are both out, become cis. This is the 


arrangement observed in the natural product. 


COR 





4.7. The HOMO of the pentadienyl cation is y4, which is antisymmetric, so a conrotatory ring closure 
occurs, consistent with the four electrons involved in this reaction. The HOMO of the pentadienyl anion is 
W2, which is symmetric, so a disrotatory ring closure occurs, consistent with the six electrons involved in 


this reaction. 


pentadienyl pentadienyl 


cation anion 

Y4 Se fa, sah, — — 

MOs of the iz B = = — E 

pentadienyl 2 ee. ee Bf E = — —L 

T system yi pa 4. 4 
+ 
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pentadienyl conrotatory 





cation HOMO H — 
H 
pentadienyl H disrotatory 
anion HOMO H =.. K 
H H 





4.8. Make: O1-C9, N2-C13, C10-C13. Break: C13-014. 


2 1l 
NHOH 





The new five-membered, heterocyclic ring clues you in to the fact that a 1,3-dipolar cycloaddition has 
occurred here to form bonds O1—C9 and C10-C13. Disconnect these bonds, putting a + charge on C13 


and a — charge on O1, to see the immediate precursor to the product. 


2 -CH CH 
N- R 3 N- E R 3 
13/ 7O — ų a O 
9 
10 


When this disconnection is written in the forward direction along with some curved arrows, it is the last 
step in the reaction. Now all you have to do is make N2-C13 and break C13—O14. This is easy to do: N2 


Har 





CH; 


H 


attacks C13, proton transfer occurs, N2 expels O14, and deprotonation gives the nitrone. 
Ho OH 
CL 


HO 
VH 


> NHOH 
H 
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es N wo CH3 
N oo 
YO 


H,C — product 





4.9. Me>S attacks one of the O atoms involved in the O-O bond, displacing O~. Hemiacetal collapse to 


the carbonyl compounds then occurs. 


+ + 
SMe, SMe, 
‘aN 4 NEY As 
079 :SMe, 70 eee Oo 
Pies pee 
Re 0 RX 0 R O 
4.10. Make: C7-C2’, C9-01”. Break: C2’-O1’. 
1 O 1 O 
9 act 
3 2 3 Me 3°2 3 2 ~OH 9 
HN HN Av HN Sf" Me 





R= sugar phosphate backbone of DNA. 


Making the C7—C2° and C9-O1° suggests a [2 + 2] photocycloaddition. Then the lone pair on N3’ expels 
Ol’ from C2‘ to give the observed product (after proton transfer). 
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~Ht 
——__ product 





4.11. The numbering is not straightforward in this reaction, but if you draw in the H atoms you can see 
that the two CH groups in the new benzene ring in the product probably come from two CH groups in 
norbornadiene. Atoms unaccounted for in the written product include C9 and O10 (can be lost as CO), 
C17 to C21 (can be lost as cyclopentadiene), and O1 and O4 (can be lost as H20). Make: C2—C8, C3- 
C11, C8-C16, C11-C15. Break: O1—C2, C3-04, C8-C9, C9-C11, C15-—C19, C16-C17. 


10 





70 O 


Glycine acts as an acid-base catalyst in this reaction. C8 and C11 are very acidic, and once deprotonated 
they are very nucleophilic, so they can attack C2 and C3 in an aldol reaction. Dehydration gives a key 
cyclopentadienone intermediate. (The mechanism of these steps is not written out below.) 
Cyclopentadienones are antiaromatic, so they are very prone to undergo Diels—Alder reactions. Such a 
reaction occurs here with norbornadiene. A retro-Diels—Alder reaction followed by a [4 + 1] 


retrocycloaddition affords the product. 
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product 








The C3-C9 and C6—C10 bonds can be made by a Diels-Alder reaction. Then loss of N, and cleavage of 
the C3—N4 and N5-C6 bonds can occur by a retro-Diels—Alder reaction. This step regenerates a diene, 
which can undergo another, intramolecular Diels—Alder reaction with the C13—C14 x bond to give the 
product. 





—» product 





4.13. The [6+4] cycloaddition involves five pairs of electrons (an odd number), so it is thermally 
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allowed. The [4+3] cationic cycloaddition involves three pairs of electrons, so it is also thermally allowed. 


4.14. Make: C6—C8. Break: C6—C7. 





Making and breaking bonds to C6 suggests a [1,n] sigmatropic rearrangement, and a [1,5] sigmatropic 
rearrangement, one of the most common types, is possible here. Once the rearrangement is drawn, 
however, the mechanism is not complete, even though all bonds on the make & break list have been 
crossed off. C8 still has one extra H and C9 has one too few. Both these problems can be taken care of 


by another [1,5] sigmatropic rearrangement. This step, by the way, reestablishes the aromatic ring. 


— > product 





Deprotonation of C9 by DBU gives an ylide (has positive and negative charges on adjacent atoms that 
cannot quench each other with a = bond), a compound which is particularly prone to undergo [2,3] 
sigmatropic rearrangements when an allyl group is attached to the cationic center, as is the case here. 
Esters are not normally acidic enough to be deprotonated by DBU, but in this ester the Nt stabilizes the 


enolate by an inductive effect. 


Chapter 4 10 


H H H 
H H H 
> DBU 
Ne H >= oN CH = N = 
| ee Ont | TEORI | CO,Et 
Ss 
Bn Bn Bn 
HH H H 


4.16. Make: C4—C10. Break: C11—N2. 





H H H H 
7 8 $ 7 
3 2 MeS~ 10~CO,Et 
H NR 
i 4 ‘CI 
5 1 
H H 





The most unusual bond in this system is the N-Cl bond. The nucleophilic substitution step must involve 
cleavage of this bond. No base is present, but S is an excellent nucleophile, even in its neutral form, so 

the first step probably entails formation of an S9—N2 bond. Now we have to make the C4—C10 bond and 
make the S9-N2 bond. Deprotonation of C4 gives an ylide, which as discussed in problem 4.15 is likely 


to undergo a [2,3] sigmatropic rearrangement. Tautomerization to rearomatize then gives the product. 


H H N H H 
— CO.Et 
H NRO — NR CO,Et_ —> 
\ ap 
G Cl S H 
Me TE base 
H H H H 
MeS + 
H NR  COEt > H NR | CO,Et = 


AA 
S 
Me 7 
H We H H H 


4.17. The reaction in question is: 


SPRITO 


To name the reaction, draw a dashed line where the new bond is made, draw a squiggly line across the 
bond that is broken, and count the number of atoms from the termini of the dashed bond to the termini of 


the squiggly bond. 
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This reaction would be a [3,5] sigmatropic rearrangement, an eight-electron reaction, and hence would 
require that one component be antarafacial. Not likely! A more reasonable mechanism begins with the 
same [3,3] sigmatropic rearrangement that gives 2-allylphenol. However, instead of tautomerization to 


give the aromatic product, a second [3,3] sigmatropic rearrangement occurs. Then tautomerization gives 
the product. 


H H H H 
~Ht 
H T H == H = F O —> product 
H a ace l 
i ai 
HH 


4.18. Both the Stevens rearrangement and the nonallylic Wittig rearrangement begin with deprotonation of 





the C atom next to the heteroatom followed by an anionic [1,2] sigmatropic rearrangement. Both involve 
four electrons, an even number of electron pairs, and hence if either is concerted then one of the two 
components of the reaction must be antarafacial. This condition is extremely difficult to fulfill, and hence 
it is much more likely that both reactions are nonconcerted. Both the Stevens rearrangement and the 
nonallylic Wittig rearrangement are thought to proceed by homolysis of a C—-S or C—O bond and 


recombination of the C radical with the neighboring C atom. 


H H H 
PA X xen, L s ASh, ee 

H H CH; 

mr a anes wee all, ©= es 


4.19. Make: N1-C11, C2—C8. Break: C2—C6, C11—O12. 


Ph 70 


9 lọ ll 12 9 
5 10 12 
Mi (OEN Hb 
cat. H 4 N 
M 


as, 1 
3 2 ‘'NHMe 
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The N1-C11 bond is easily made first. Cleavage of the C1 1-012 bond gives an iminium ion that is also a 
1,5-(hetero)diene. The Cope rearrangement occurs to give a new iminium ion and an enol. Attack of the 


enol on the iminium ion (the Mannich reaction) affords the product. 





A product 





Me 


Now the stereochemistry. Assume the thermodynamically more stable iminium ion forms (Me groups 
cis). The Cope rearrangement occurs from a chair conformation. This puts the Ph, H2, and H11 all 
pointing up both before and after the rearrangement. Assuming the Mannich reaction occurs without a 
change in conformation (a reasonable assumption, considering the proximity of the nucleophilic and 
electrophilic centers), the Ph, H2, and H11 should all be cis in the product. 





4.20. Deprotonation of one of the Me groups adjacent to S gives an ylide which can undergo a retro- 


hetero-ene reaction to give the observed products. 


H H Hz H 
ina (ce goes BY “n, se, ne CH, 
R Oo— S l R O 
CH, U CH, CH, 


If (CD3)SO (deuterated DMSO) is used for the Swern reaction, the E2 mechanism predicts that the sulfide 
product should be (CD3)9S; the retro-hetero-ene mechanism predicts that it should be (CD3)S(CHD)). 
Guess which product is actually found? 
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Answers To Chapter 4 End-of-Chapter Problems. 


1. 


(a) An eight-electron [4+4] cycloaddition. It proceeds photochemically. 

(b) A four-electron conrotatory electrocyclic ring opening. It proceeds thermally. 

(c) A six-electron ene reaction. (Note the transposition of the double bond.) It proceeds thermally. 
(d) A six-electron [1,5] sigmatropic rearrangement. It proceeds thermally. 

(e) A ten-electron [8+2] cycloaddition. It proceeds thermally. 

(f) A six-electron [2,3] sigmatropic rearrangement. It proceeds thermally. 

(g) A six-electron disrotatory electrocyclic ring opening. It proceeds thermally. 

(h) A four-electron disrotatory electrocyclic ring closing. It proceeds photochemically. 
(i) A six-electron disrotatory electrocyclic ring closing. It proceeds thermally. 

(j) A six-electron [3+2] (dipolar) cycloaddition. It proceeds thermally. 

(k) A four-electron [2+2] cycloaddition. It proceeds photochemically. 


(1) A six-electron conrotatory electrocyclic ring opening. It proceeds photochemically. 


(a) Regio: RNH and CHO are 1,2. Stereo: CHO (b) The two CH3 groups are both out groups, so 
and CH3 remain trans; NHR is out, CHO is endo, they are cis in product. 


so they are cis in product. 


BnO,CHN 





out, CO,Et group is endo, so they are cis in CHO is endo, so they are trans in product. 
product. 


EO. ~O. > CO,Et Me3Sio—{_— \ yee CHO 
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(e) Dienophile adds to less hindered face of diene. 
C(sp°) of five-membered ring is in, NO3 is endo, 


so they are trans in product. 


(g) Stereo: CO.Me groups remain trans. Ar group 
is probably out for steric reasons, CO2Me is endo, 


so the two are cis in the product. 


(f) Regio: Nucleophilic O adds to electrophilic B C 
of unsaturated ester. Stereo: alkyl and CO2Me 
groups remain trans; H is in, CO2Me is endo, so 


they are trans in product. 


CO,Me 


H 


(h) The [14+2] cycloaddition must be antarafacial 
with respect to one component. The two in groups 
of the 14-atom component become trans in the 


product. 





3. 1,3,5,7-Cyclononatetraene can theoretically undergo three different electrocyclic ring closures. 


H H 


8 e electrocyclic ring closing 


conrotatory 


6e electrocyclic ring closing © 








H H 





disrotatory 
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H H 


4e electrocyclic ring closing 
——_—H__ —_—— 


conrotatory 





H H 


When small rings are fused to other rings, the cis ring fusion is almost always much more stable than the 
trans ring fusion. The opposite is true only for saturated 6-6 or larger ring systems. (Make models to 
confirm this.) The order of stability of the three possible products shown above is: cis-6-5 > trans-7-4 > 


trans- 8-3. 
4. (a) Chair TS, with the Me on the C(sp3) equatorial. 


Ph CH; 


WO A AY 


(b) Chair TS, with the Ph equatorial. 


H 
OSiR, Ph (R) OSiR OSiR 
BnO 3 BnO 3 

2 eee OBn = asics Ph AE Ph 
O O 


(S) 


Ji 
| 
ji 


(c) Chair TS, with both substituents equatorial. 


CH, H H 
H.C A noT 
Ph n i 


(d) Two different chairs are possible, but one (Ph equatorial) is lower in energy than the other. 


SY = 
row = CH, =— H =y H = 
: = H Ph S Pis ns 
a Ph H H 


(e) A chair TS is not possible, so it goes through a boat TS. 
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chair TS 
no way José 


boat TS 
much better 





H 
H3 
H,CO,C ger = 
H;C~ yO 
CH, 
(f) Again, a boat TS is necessary. 
60°C Ha, 





(g) A chair TS would produce a trans double bond in the seven-membered ring, so the boat TS is 


operative, and the H and OSiR3 groups on the two stereogenic atoms are cis to one another. 


H H 
oe OSiR; S ->~ OSiR; 
a a, HS oe trans double bond 


OSiR; H 





(h) The chair TS is enforced in this macrocyclic compound. 
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5. (a) First step: hetero-Diels—Alder reaction (six-electron, [4+2] cycloaddition). Second step: Claisen 


rearrangement (six-electron, [3,3] sigmatropic rearrangement). 


(b) The diene is electron-rich, so it requires an electron-poor dienophile for a normal electron demand 
Diels—Alder reaction. The C=C bond of ketenes is pretty electron-rich, due to overlap with the lone pairs 
on O: H,C=C=O oe HC-C=0. Only the C=O bond of the ketene is of sufficiently low energy to react 


with the diene at a reasonable rate. 


(c) First, it is important to remember that in ketenes, the p orbitals of the C=O bond are coplanar with the 


substituents on the terminal C. 


Because of the ketene’s geometry, in the TS of the hetero-Diels—Alder reaction, either Rg or Ry, must point 
directly at the diene. The lower energy approach towards Rg is chosen, and the product in which Rg 


points back toward the former diene portion of the compound is obtained. 


O 
NR: 


Ry Rs T 
Rs 


Ry 





Second step: The new o bond forms between the bottom face of the double bond on the left and the 


bottom face of the double bond on the right, giving the observed, less thermodynamically stable product. 
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H 
H O 
/ La 
H XOR 
Rs 


6. (a) Number the C’s. C1, C2, C5 and C6 are clear in both starting material and product. The rest 


follows. 





OSiMe3 





We break the C4—C6 bond, and we form C3—C8 and C4—C9. The formation of the latter two bonds and 
the fact that we’re forming a cyclobutanone suggests a [2+2] cycloaddition between a ketene at C3=C4=O 
and the C8=C9 r bond. We can generate the requisite C3=C4 m bond by electrocyclic ring opening of the 
cyclobutene ring in the S.M. 





(b) Electrocyclic ring closing followed by base-catalyzed tautomerization (both starting material and 


product are bases) gives the product. 


WS 
N N™ ÇO 
SMe 

MeN =T 

| 

`~ N 
Z 

OH 





TZ 
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(c) Diels—Alder reaction followed by spontaneous elimination of Me3SiO- and aromatization gives the 
product. Loss of Me3SiO- occurs so readily because the Me3Si group is a 7 electron withdrawer like a 


carbonyl group. 


OSiMe3 CO,Me g dois; 
ArO ZA a ArO CO,Me 
4 | mwa ne 
Mesio S N Me;sio 


ArO CO2Me ArO CO2Me ArO CO.Me 
I 
Me3SiO Me3SiO HO 
+ H p OSiMe; 


(d) The key atoms for numbering the C’s are C1 (with the 2-bromoallyl group attached), C7 (ester group 
attached), and C8 (O attached). We form bond C1—-C9 and break bond C3—C7. Since C3-C7 is the 
central bond of a 1,5-diene system terminating in C1 and C9, i.e. C1l=C2—C3-—C7-C8=C9, this must be a 


H 6 
4 7 CO Me 
ae 
Agni 
O 
7 Br 
CO Me CO Me 
Br OSiMe3 Br A| OSiMe3; — 
f N ——= = 


H H 


H 
CO .Me CO.Me CO.Me 
aq. workup — 
— 
OSiMe3 OH O 
Br Br Br 


(e) Numbering the carbons is made easier by C9, C8, and C4. These atoms make it easy to label C4 
through C9. Since C11 is a carbanion, we can expect that it will add to C4, the only electrophilic C in the 
starting material, and since C11 has a CH3 group attached, we can identify it and C10 in the product as the 


Cope rearrangement. 
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easternmost C’s, with C11 attached to C4. For C1 to C3, we preserve the most bonds if we retain the 
C9-C3-C2-C1 sequence. So overall, we form C4—C11, C4—C2, and C10-C1, and we break C4—C3. 








CH3 
HC 2 Z l CH3 
O y Bu! O 
9 3 10 _ 10 
f 4 Li ; 

Me3Si0 —— i 11 

6? warm to RT; 7 ie 
7 NaHCO; H OH CH3 


H 


The first step is addition of C11 to C4. We still need to form C10-C1 and break C4—C3. Since we have a 
1,5-diene (C1 1=C10—C4—C3—C2=C1), we can do an oxy-Cope rearrangement. This gives a 5-8 system 
in which we only have to form the C4—C2 bond. C4 is neither nucleophilic nor electrophilic, while C11 is 
nucleophilic (conjugation from OSiMe3). Upon quenching with water, however, C4 becomes an 


electrophilic carbonyl C, whereupon C11 attacks with concomitant desilylation of O to give the product. 


H Go. CH; H o- CH, H OH CH; 


(£) It’s clear that we form C4—C5 and C1—C6 bonds, and we break C1—C4. The strained C1—C4 bond 
can be opened by an electrocyclic ring opening to give an o-xylylene, which undergoes an [8+2] 


cycloaddition to give the observed product. 
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(g) We form C2-C11 and C5-C9 bonds, and we eliminate the elements of Me3SiO2CCF3. The ZnCl? is 
a Lewis acid, so it coordinates to the carbonyl O and causes the cleavage of the carboxylate—C11 bond to 
give the nice stable allylic cation C9-C10-C11. This cation can undergo a six-electron, [4+3] cycloaddi- 
tion with the C2=C3—C4=C5 diene to give a new carbocation at C11. Loss of the Me3Sit group from 
C12 then gives the product. 
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H3C 
H3C H 
ee 


yar 


Me3S1 


(h) The first product is formed by a hetero-ene reaction, with transfer of the H attached to S to the terminal 


H H 
ie = 
O s^ O S 


The second product must incorporate two equivalents of the enol ether. We form C3-C5, C5-C4', and 
C5'—S1 bonds, and we transfer a H from S1 to C4. A hetero-ene reaction forms the C3—C5 bond and 


transfers the H. As for the other two bonds, since S1 and C5 are at the ends of a four-atom unit, we might 


C of styrene. 


expect a Diels-Alder reaction. We can get to the requisite diene by eliminating the elements of BuOH by 
an Elcb mechanism. The hetero-Diels—Alder reaction gives the product with endo stereoselectivity and the 


expected regioselectivity. 


Cha, A 
a 


4 CH; 





OBu 


LH 
(i) We form C9-C1 and C4—C8 bonds, and we break C1-S and C4-S bonds. Since C1 and C4 are the 
ends of a four-carbon unit, we can expect a Diels—Alder reaction. The cyclohexene in the product should 


also tip you off. We can obtain the requisite diene by doing a [4+1] retro-cycloaddition, eliminating SO2 
to give the Cl=C2—C3=C4 diene. Stereospecific and endo-selective Diels—Alder reaction then gives the 
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product. 
3 H 
2 =n 3 O : 5 
4 ET 2 6 
1 5 Ca, Ph eres F 8 O 
Ò, a 
Bn : H 
Ph Bn 


H 
J a Ph > a= O O 
SS Nw SN Bane “= ~N 
Fas Bn AÀ 
Ph H Ph Bn 
(j) When an acyl chloride is treated with Et3N, B-elimination takes place to give a ketene. When a 


sulfonyl chloride is treated with Et3N, B-elimination takes place in the same way. The intermediate 


undergoes [2+2] cycloadditions just like ketenes do to give the saturated four-membered ring. 





H O H 
o ll 1 
Etz3N; H Ss-Cl —> = S§ analogous to ketene 
Il A4 N 
H O 
DD 
Og 
N= 
—> 
Hp) do 
=S 
N 
H O 


(k) The second product provides the key. Itis a six-membered ring with a single double bond, probably 

the product of a hetero-Diels—Alder reaction. The requisite diene can be made from the starting material by 
a vinylogous B-elimination, with NPhth as the leaving group. The same diene intermediate can undergo a 
hetero-ene reaction to give the other observed product. An alternative mechanism for formation of the first 
product, i.e. direct attack of the alkene (nucleophile) on S (electrophile, NPhth as leaving group) to give a 

carbocation, followed by loss of H*, is also possible, but is less likely, especially since we know the C=S 
compound is formed under the conditions. If this mechanism were operative it’s also likely that H+ would 


be lost from the other C of the carbocation to give the more substituted and more stable isomeric alkene. 


Chapter 4 24 


H 
05 OL oO Oo 
>pyt 
ne Yoo E oe oe 


SAN S 
N NPhth 
O HC Ph 


HC 
Cer Oe 
D CH,0,C 


Ea 


Dez EA 
CH30,C CH30,C 
P „S OCHS HO_ _CH, 
L D Ph wy _ Ph 


(1) Whenever you see a five-membered heterocycle, think 1,3-dipolar cycloaddition. The heterocyclic 


rings shown can be made from an intramolecular cycloaddition of a nitrone and the alkene. The nitrone 


must be made from the hydroxylamine and formaldehyde. 


OH ™ 


(OY HCO — -H 
| H Co 
s07 a + O- 
N^ WJ =: 
| ae pt Con 


O CH 

2 / S f 
SS _. N AND __ IN —- N 
oy = Say los 


(m) Make: C5—O10, C5-09, C6-08, C6-011. Break: C5—C6, C9-O10. 





H3C 7 


Ozone lives to do 1,3-dipolar cycloadditions. After the cycloaddition to give the C6é—O11 and C5—O9 
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bonds, retro 1,3-dipolar cycloaddition occurs to break the C9-O10 and C5—C6 bonds. Then O8 can attack 


C6 and O10 can attack C5 to give the observed intermediate (after proton transfer). 


a Be 11 5 Il. art 
z aoso; =O 
oO i W CH; D . CH; O Cl A CH, 
Cos CH, H CH, HO) Cee CH, 
> — 
HO HO a 8 
3 H3C 
10 
oo 
ZX CH; eet CH; aie CH; 
+ 
Hs) ton CH; p oe CH; -~H <3 O CH, 
H3C H, H; 


Second step. The elements of CH4O3 are eliminated. The most likely by-products are HyO and HCOOH. 
Make: None. Break: C4—C5, C6-08, O010—O11. The base can deprotonate the OH on C5, and the lone 
pair on O can then push down to form a 7 bond with C5, causing the C4—C5 bond to break. The electrons 
keep getting pushed around until they end up on O again and the O-O bond is broken, providing the 
driving force for the step. A keto-aldehyde and formate anion are obtained. Now C7 (deprotonated) is 
nucleophilic and C6 is electrophilic, so an aldol reaction followed by dehydration gives the observed 


product. 
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HO H H 
H L CH; i CH; 
CH; CH; 
(™ 
-O O 


(n) Make: O9-C3. Break: C1-C3. Since O9 is nucleophilic, we must turn C3 into an electrophilic center. 


AgNO, 


Oo 
acetone-H,O 





In the first step, Ag+ promotes the departure of CI- to give a cyclopropyl carbocation. This undergoes 
two-electron disrotatory electrocyclic ring opening to give the chloroallylic cation, in which the empty 
orbital is localized on C1 and C3. Then O9 can add to C3; desilylation then gives the product. 


Agt <i OSiR; Sha OSIR; Cl OSiR; 





, 






n, 








(0) The product is a 1,5-diene, specifically a y,6-unsaturated carbonyl, suggesting a Claisen rearrange- 


ment. Work backwards one step from the product. 


HCO OCH, 
CH, °OH CH; 7 9 6O ÇH, CH, 
(H,C),N~ 8 ~ CH, 


ae 7 ~ 2 
4 alas a CE 9 4 
reo; CH; H3O, N 8 ~~ 1 A CH; 
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CH; CH, 


1: 
2 nz 
PXE = LN T 
~ 
Me,N 6 O CH, Me,N O CH, 


The immediate precursor retains the O6—C3 bond and would have a C8—O6 bond and a C8=C9 m bond. 
This calls for an Sy1 substitution at C8 to replace the C8—OMe bond with a C8—O6 bond and an E1 


elimination to make the C8=C9 zm bond. The overall reaction is an orthoamide Claisen rearrangement. 


HCO QCH; OCH; CH, :OH CH, 

Se = 4^ N : zr 

H,C H3C 
*) OCH; m~i T och; 

Me,N + a ~OCH3 Me,N 

CH; ỌQ CH; CH, O CH, 

= — z ne 
x CH, x CH; 
H 
+A Pope A “OCH; NMe, NMe, 


n — = a 
x CH, aS CH, H “a CH, 


9 
"i ome -2A 
H 
7)-—N : 
6 
A el! 





Since N6 and C9 are at the ends of a four-atom chain, we might expect a Diels—Alder reaction. The dieno- 
phile in such a reaction would be benzyne; the key is the benzene ring fused to the new six-membered ring 
and the fact that the H on Cl is gone in the product. (You could alternatively draw the m% bond of the aro- 
matic ring participating in the Diels—Alder reaction, but this is unlikely, because the = bonds of aromatic 
rings are very bad dienophiles.) The first equivalent of LDA deprotonates N to make the 1,3-diene across 
N6=C7-—C8=C9; the second equivalent induces an E2 elimination across C1—C2 to give an aryne. Cyclo- 
addition gives the enolate, which is protonated on C8 to give the observed product. In fact, this com- 


pound is not very stable, and it is oxidized by air to give the fully aromatic product. 
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i-PryN” Vy OMe 


H Q 
Br OMe 
WwW 
—=N 
OMe MeO OMe 


O 





(q) Break: N3—N4, N4-C5. Make: C1—C6, N3-C5. We lose the elements of NH3. 


MeO H MeO 1 6. Ph 
f H H ZnCl, | 4 
3 N 5 m 3 Ils + NM 
2 N 4N 6 Ph 2 N H 


H 
H 

Since we are forming a © bond at the end of a six-atom chain and breaking the o bond in the middle, we 
might expect a Cope rearrangement. To do this, we must make a C5=C6 7 bond. We can do this by 
transposing the N4=C5 2 bond. This transposition converts an imine to an enamine, which is exactly 
analogous to converting a ketone to an enol. The enamine then undergoes Cope rearrangement to give the 
C1-C6 bond. (Note how this Cope rearrangement is analogous to the Claisen rearrangement of O-allyl- 
phenols.) After reestablishing aromaticity by tautomerization, nucleophilic N3 attacks electrophilic C5 to 
form the N3-C5 bond. Finally, E1 elimination of NH3 gives the indole. 


MeO H oS MeO H TRT 
{X A HX pac, CI ae H 
UN =r NY == 
N ore N Kp 
H H 
H H 


Ph Ph 
H H 
MeO NN H MeO H 
H H+ —> H | H+ —> 
LNS Ta =e 


Chapter 4 29 


MeO 





MeO 





(r) Make: C2—C4, C1-C3. Break: C1—C2. Since only one equivalent of malonate is incorporated into the 
molecule, the other equivalent must act as a base. The migration of C1 from C2 to C3 is a 1,2-alkyl shift. 
Under these basic conditions, it is likely to proceed by a Favorskii mechanism. Deprotonation of C3 by 
malonate gives the enolate. Two-electron electrocyclic ring closing with expulsion of CI gives the 
cyclopropanone. Attack of malonate on C2 gives a tetrahedral intermediate; fragmentation of this with 
expulsion of CI- gives the observed product. Other reasonable mechanisms can be drawn, some of which 


do not involve an electrocyclic ring closing. 


Na 
pa CH, O 
H3C 2 EtO,C~ 4 ~CO,Et 3 4 _-CO,Et 
m Ss ee H HC ~~ 2 i 
Ee CO,Et 
O o7 
Z y 
H,C ci _ y om ee 
~~ —_> mS —_> 
O m 
£ CO,Et Co A Oe CH; O 
~A = CO,Et stale CO,Et 
H l H l 
a Cl Cot xe N 
HC H HC H CO,Et 


(s) The five-membered heterocycle should alert you to a 1,3-dipolar cycloaddition. 
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H, + \ / 
| ae es 
HC 





C6 and C9 are at opposite ends of a four-carbon unit, but since one of these atoms (C7) is saturated and 
quaternary, a Diels-Alder reaction is unlikely (can’t make diene). The combination of a diazo compound 
with Rh(II) generates a carbenoid at C9. The nucleophile O6' can add to the empty orbital at C9, gener- 
ating the O6'-C9 bond and a carbonyl ylide at C6é—O6'—C9. Carbonyl ylides are 1,3-dipoles (negative 
charge on C9, formal positive charge on O6', electron deficiency at C6), so a 1,3-dipolar cycloaddition 
can now occur to join C2 to C6 and Cl to C9, giving the product. Note how a relatively simple tricyclic 


starting material is transformed into a complex hexacyclic product in just one step! 


Me 
N N> CO,Me 6' AWN CO,Me 
O oO ‘ 
| cat. ROAD, $ 
— > 
N O N 6 O 
Et 
O 
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(u) The cyclobutanone should tip you off to a ketene—alkene cycloaddition. Ketenes are generally made 
by Et3N-catalyzed elimination of HCI from acyl chlorides. Oxalyl chloride CICOCOCI serves to convert 


the acid into an acid chloride. 


(v) Another five-membered heterocycle, another 1,3-dipolar cycloaddition. The first step is formation of 
the requisite 1,3-dipole, a nitrile ylide, by a two-electron electrocyclic ring opening. Then dipolar 


cycloaddition occurs. 


oy N 
S = AA U a. Ph—/ 
Ph AEN 


(w) Formally this reaction is a [2+2] cycloaddition. In practice, concerted [2+2] cycloadditions occur 
under thermal conditions only when one of the components is a ketene or has a 7 bond to a heavy element 
like P or a metal. Neither of the alkenes in this reaction fits the bill. However, one of these alkenes is 
very electron rich and the other is very electron poor, so a nonconcerted, two-step polar mechanism is 
likely. 


N NO, Ph NO, Ph NO, 
r 4 

H3C._Yy N 7 HC G = C 

a ae NMe, CH, +NMe, CH, NMe, 


CH; 


Chapter 4 32 


(x) The extra six C’s must come from benzene. A photochemically allowed [2+2] cycloaddition between 
the alkyne and benzene gives an intermediate that can undergo disrotatory electrocyclic ring opening to 
give the observed product (after bond alternation). (Either two or three arrows can be drawn for the 
electrocyclic ring opening, but the TS for the reaction involves all eight 7 electrons, so to be disrotatory the 
reaction must be promoted photochemically.) Benzene does not usually undergo cycloaddition reactions, 
but here it evidently does. 


H 

CO,CH; H COCH; iets 

CO,CH; 

COCH; ty `CO,CH; 
H 


(y) The second product is clearly obtained by a hetero-Diels—Alder reaction between acrolein and 
isobutylene. The first product is less obvious. Two new C-C bonds are formed, and H atoms are 
transferred from C7 and C8 to C2 and O4. This suggests two ene reactions. 


7CH 8ors fo 7CH; 
3 
300°C 6 ae 
ee a 35 8 
E j 6 CH Sors 
3 
H.C 
@ 4 sai Ga 
y | CH, 
3 
NS a 
H,C H3C 
i eae = H H = H H as 
y Enae zO a 


HO 
H H = 
/ 
O 


(z) Elimination of allyl alcohol occurs by an E1 mechanism. Then a Claisen rearrangement gives the 
product. 
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Ory C OX ~ YA D 
B-S 


(aa) The C6 to C9 unit in the product is numbered by virtue of the two H’s on C6. Make: C2-C9, C3- 
C6, C7-O11. Break: C9-S10, S10—011. 





Formation of C2—C9 and C3-C6 suggests a Diels-Alder reaction, this one of the inverse electron demand 
flavor. The regioselectivity follows the ortho-para rule and the stereoselectivity is endo. The C7—-O11 
bond can now be formed and the C9-S10 bond cleaved by a [2,3] sigmatropic rearrangement to give 
compound A. All that is left is to cleave the S10-011 bond. Na2S attacks S, with RO- acting as the 


leaving group, and protonation gives the final product. 


as A 
“o MeN HO MeN 
— 
= H £_ 


(bb) Retro Diels—Alder reaction gives off N2 and an ortho-xylylene. With no other substrates available, 


this extremely reactive substance dimerizes in another Diels—Alder reaction to give the product. 
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(cc) The product is formally the result of a [1,3] sigmatropic rearrangement. STOP! [1,3] sigmatroopic 
rearrangements are very rare, and they should be viewed with suspicion. They are thermally allowed only 
when one of the components is antarafacial. Sometimes an apparent [1,3] shift is actually the result of two 
sequential reactions (polar or pericyclic). In this case, the presence of KH suggests an oxyanion-acceler- 
ated concerted process. The one-atom component can be antarafacial if the back lobe of the sp? orbital 
used to make the old bond to C6 is then used to make the new bond to C4. After workup, aromaticity is 


reestablished by protonation-deprotonation. 





H H 
OH OH OH 





The product looks very much like the result of a Diels—Alder reaction that forms the Cl1-C11 and C6—C10 
bonds. Work backwards one step from the product. 
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ee O 
a 
cH, PhS A 


CH, CH; 


1 55O 7 8 1 7 -CO,Et 
NaH EtO,C—= =— CO,Ft Po 
—— oo 8 
2 CO,Et 


The two new bonds can be obtained by a Diels—Alder reaction. First, deprotonation gives an enolate that 





has an ortho-xylylene resonance structure. Diels—Alder reaction followed by retro-Diels—Alder reaction 


gives the product. 


H H 
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CO,Et 
EtO,C 2 CO,Et 
One 100 
"Me - 
4 er au COE CO.Et 
m -0 CO,Et oR 


(ff) As in the previous problem, Diels-Alder reaction followed by retro-Diels—Alder reaction establishes 
the desired C-C bonds. Then E1 elimination of CH30H gives the desired product. (An Elcb mechanism 


for elimination is also reasonable, but less likely in the absence of strong base.) 


OCH; H4 OCH; 
a = 
\ O O 
CO,CH; CO,CH; 
H^- 
aan OCH; H 
< OCH; \ 
—> A + — 
OCH, 
CO,CH; CO,CH, CO,CH, 


(gg) The D atoms give major clues to the numbering. Break: CS—C6, C9-C10, C11-—C12. Make: C5- 
C11, C10-C12. 





If we break the C5-C6 and C9-C10 bonds by a retro-Diels—Alder reaction first, we get two molecules of 
benzene. But irradiation of benzene doesn’t give the observed product, so this can’t be right. Instead, 
let’s form the C5—C11 and C10-C12 bonds first by a (photochemically allowed) [2+2] cycloaddition. 
This gives the strained polycyclic compound shown. Now the C5—C6 and C10-C9 bonds can be broken 
by a [4+2] retro-cycloaddition (thermal, supra with respect to both components) to give the tricyclic 
compound. This compound can then undergo disrotatory six-electron electrocyclic ring opening (thermal) 


to give the observed product. Note that only the first reaction in this series requires light. 
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D 


(hh) Numbering the product is difficult. Because C9 in the starting material has no H atoms, let’s make it 
one of the C’s in the product that has no H atoms. Make: C1-C9, C2-C9, C5-C9. Break: C1-C2. 





Carbenes like to do [2 + 1] cycloadditions to alkenes. Such a cycloaddition between C9 and the C1=C2 1 
bond gives a product which can undergo an 8-electron electrocyclic ring opening to cleave the C1—C2 
bond, then a 6-electron electrocyclic ring closing to form the C5—C9 bond. All that is left to do is a [1,5] 


sigmatropic rearrangement to move the C5 H to C4. 


H 
E-G- 


(ii) Following the instructions, we number all the N atoms. The byproducts are 2 Nọ. Make: C2—04, 
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C3-N9, N6-N9. Break: C2—-N9, N6-N7, N9-N10. 


1 1 4 5 
rot ka, A So M 
$f A NION \ 
N=N-N N-N= 6 N—N9 


The thermal reaction that azides undergo is the Wolff rearrangement (Chapter 2). In the present case, the 
Wolff rearrangement allows us to make the C3—N9 bond and cleave the N9-N10 bond. A resonance 
structure can be drawn in which N9 has a negative charge. This lone pair is used to attack N6, displacing 
Nz. Next, the C2—-N9 bond is cleaved by a 4-electron electrocyclic ring opening to give a nitrilimine, 


which then undergoes a 6-electron electrocyclic ring closure to give the product. 


O 
EtO EtO EtO 
SMe A, A i — D Aa 
N= N—N AP N N= N—N N=] T 


EtO,C 6 


(0, EtO, Q. 
eae (Ok. 


Answers To Chapter 5 In-Chapter Problems. 


5.1. Make: C2—C4. Break: C2—C3. 


O 
H 4 4 1 
HC CH; ras 


If this compound were not a radical, you might suspect a [1,2] sigmatropic rearrangement. However, 
radicals do not undergo such rearrangements. The C4 radical can make a bond to C2 by adding to the 7 
bond. Then the C3—C2 bond can break by fragmentation. 


ey ʻO O 


5.2. Step 1. Make: C1-C3. Break: none. 


H 
2 LN 
H HC S 7 
1 H 
— 
cat. H,SO, 





H 


Note: This reaction involves a polar acidic mechanism, not a free-radical mechanism! It is a Friedel-Crafts 
alkylation, with the slight variation that the requisite carbocation is made by protonation of an alkene 
instead of ionization of an alkyl halide. Protonation of C4 gives a C3 carbocation. Addition to C1 and 


fragmentation gives the product. 


H 
H H 
H; 
H 
H3C — HC a E —> product 
H H 


Step 2. Only a C—O bond is made. 
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Cs 36-6. CH, 
CH CH 


The presence of O, clues you in that this is a free-radical mechanism, specifically a free-radical 





substitution. Because it is an intermolecular substitution reaction, it probably proceeds by a chain 
mechanism. As such it has three parts: initiation, propagation, and termination. (We do not draw 
termination parts in this book.) The initiation part turns one of the stoichiometric starting materials into an 
odd-electron radical. This can be done here by abstraction of H- from C by Op. 


Initiation: 





The propagation part begins with the radical generated in the initiation part, and it continues until all the 
starting materials are converted into products. Every individual step in the propagation part must have an 
odd number of electrons on each side of the arrow, and the last step must regenerate the radical that was 
used in the first step. Here the C radical combines with O, to give an O radical, and this O radical 


abstracts H: from starting material to give the product and to regenerate the C radical. 


Propagation: 


CH; CH 
-O-0- 3 
OS oe 0 
CH H3C 
CH 


Although it is tempting to draw the following mechanism, the temptation should be resisted because it is 


not a chain mechanism. 


CH; CH 
*O—-O: 3 
€ \ fs e + HOO 
CH; CH; 
CH CH; 
HIA 6=0H — € S£o-on 
CH, CH; 


Step 3. The numbering of the atoms in this polar acidic mechanism is not straightforward, because it is 
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not clear whether C1 ends up bound to O3 or O4. However, if it ends up bound to O3, then we can draw 
a 1,2-alkyl shift (break C1—C2, make C1—O3) with expulsion of a leaving group (break 03-04). Then 


O4 can add to the new C2 carbocation, and the resulting hemiacetal can collapse to phenol and acetone. 


H H 
CH; CH, 
1 3 4 cat. HSO 1 3 4 
Lpo- OK = OH + o= 
CH, CH, 
H 


H 


Actually, a two-step 1,2-alkyl shift has to be drawn, because Ph groups do not undergo concerted 1,2- 
shifts; instead their m bonds participate in an addition—fragmentation process. 


T 
T 
T 


H 
Q :OH, 
+ 
a = OO «a OF ae 
cH, ecu, 5 
H H H.C H H;C CH; 
+ 
HO O 
-H* 
OH A Zo OH 
H,C CH; HC CH; 
H H 


5.3. This addition reaction proceeds by a chain mechanism. 


H H H 
cat. (BzO), CO.Ft 
Bu—SH + wo —— se Se 2 
H H H 


In the initiation part, one of the stoichiometric starting materials is converted into a free radical. The BzO- 
produced from (BzO), can abstract H- from BuSH to give Bus.. 
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Initiation: 
A 
Rigas > 2 e OBZ 
{/ 
No SIN 
BzO ° H—SBu ~~ BzO—H *SBu 


In the propagation part, BuS- adds to the alkene to give an alkyl radical, which abstracts H- from BuSH to 


give the product and to regenerate the starting radical. 


Propagation: 


5.4. This addition reaction proceeds by a chain mechanism. 


H 
Bu,Sn—H : 
== SM; ——— pusy 7 SS SIMs 
cat. (BzO)> Ugon 
H 


In the initiation part, the BzO- produced from (BzO) can abstract H- from Bu3SnH to give Bu3Sn.. 


Initiation: 
A 
Be Oey > 2 * OBz 
V 
IN LN 
BzO ° H— SnBu, — BzO—H e SnBu; 


In the propagation part, Bu3Sn- adds to the alkyne to give an alkenyl radical, which abstracts H- from 
Bu3SnH to give the product and to regenerate the starting radical. 


Propagation: 


Bu3Sn 





Bu3Sn TL SiMe, —» SiMe, 


H 
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Bus, N A 
y= SiMe; H—SnBu, > Bun y SiMe; > SnBu; 


H 


H 


5.5(a). Make: Brl—Sn14, C2—C6, C7—C12. Break: Br1—C2. 





This is overall a substitution reaction — the C2—Br1 and Sn14-H o bonds are swapped — so it is almost 
certainly a chain reaction. No initiator is listed, but it is likely that ambient air provides enough O3 to 
abstract H- from Sn14. 
Initiation: 
-O-O SN A 


H—SnBu, > +» O—OH e SnBu; 


Bu3Sn: abstracts Br1 from C2. The C2 radical then adds to C6 to give a C7 radical, which adds to C12 to 
give a C13 radical. The C13 radical abstracts H- from Bu3SnH to give the product and regenerate 
B u3 Sn-. 


Propagation: 


+ 





Chapter 5 6 





H H 

11)=— 12 

H 13 CN 14 1 
14 + Ph3Sn—Br 

cat. AIBN 





AIBN is a very common initiator of free radical reactions. The radical derived from its fragmentation 
abstracts H- from Ph3SnH to give Ph3Sn.-. 


Initiation: 
H3;C CH, HÇ CH, 
NC Nx” A NC = $ 
DNs Ge = a. the N= Nb a CN 
HC CH, HC CH; 
HÇ HÇ H 
HC HC 


Ph3Sn- abstracts Br1 from C2. The C2 radical then adds to C6 to give a C7 radical, which adds to C9 to 
give a C10 radical. (Why not have C7 add to C12 instead of C9 at this point? Because addition to C9 is 
intramolecular and forms a five-membered ring, making this addition very fast.) Now C10 adds to C11 to 
give a C12 radical, which can then add to C7 to give a C6 radical. C6 then abstracts H- from Ph3SnH to 


give the product and regenerate Ph3Sn.-. 


Propagation: 


(Br N Si 
Ph3Sn° J, i 


A 


+ Ph3Sn—Br 
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H 7 8 9 
Mg Me 6 CÒ, BuSnH 7 
— 


Sl 
cat. AIBN 





— 


Me O 8’ 


H H HHH 


The initiation is the same as for 5.5(b). In the propagation part, Sn- abstracts I- from C5. The C5 radical 
then adds to C7 of CO to make a new C7 radical. The C7 radical adds to C2 to make a C1 radical, which 
adds to C7’ of a second equivalent of CO to make a C7’ radical. C7” then abstracts H- from Bu3SnH to 
give the product and regenerate Bu3Sn.-. 


Propagation: 
HZ I *SnBu,; — > H _ z ; F— SnBu, 
~> 


H H HHH H H HHH 


Chapter 5 8 


H Me Me O H Me Me O 


an 
\ 
as 
am a 








° SnBu, 
5.7(a). One C-C bond is made, and no bonds are broken. 
H H CO,Et 
HZ (t-BuO), 
EtO,C’> ~CO.Et + CoHi3 ~~ ———S™—Ss«tO0WC CHi 


The żt-BuO. abstracts H- from malonate in the initiation part. A free radical addition mechanism like the 


one in problem 5.3 ensues. 


Initiation: 


t-BuO a i — 1-BuO—H Be 
= i 
Et0,C~ ~CO,Et EtO,C~ ~CO,Et 


Propagation: 
CO,Et H 


H 
Pin COs Ho moe i 
. Ica \J CeHj3 = H C6H3 
H H H H 
P H H == ae H 
H CoH; DA H C6H1; L 


H H EtO,C~ ~CO,Et H H Et0,C~ ~CO,Et 


5.7(b). Again, one C-C bond is made, and no bonds are broken. 


Chapter 5 9 


H H H CH, 
CH hv 
Joe et H 
H acetone H O 
H 
O 


Intermolecular free-radical addition reactions almost always proceed by chain mechanisms. Here light 
photoexcites acetone, and O- then abstracts H- from the &-position of another molecule of acetone to 


complete the initiation. 


Initiation: 


R ne ie H H H H 
A E wy aise a 
Wc CH, H.C CH, V 
O O 


Propagation proceeds as in problem 5.7(a). 





Propagation: 
H H 
ee: H CH, 
ë CH; — 
e H O 
H 
H H H H 
CH; H H CH, H H 
CH, „H š CH, 
“HO hy H © S 
H O H O 
5.8. Make: C2-C7, Sn9-I8. Break: C2-C3, C7-I8. 
1 
O 7 
9 
Bu,SnH 6 9 8 
TEO eT Bu3Sn—I 
cat. AIBN 5 
CO,Et CO,Et 


Initiation proceeds as usual. Abstraction by Sn9 of I8 from C7 gives a C7 radical, which adds to the C2 
carbonyl. Cleavage of the C2—C3 bond gives a C3 radical, which abstracts H- from Bu3SnH to give the 
product and complete the chain. 
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Propagation: 
O (So ° 
ie hoe 
I 
CO,Et CO,Et CO.Et 
O O 
L Jibu 
— $, SnBu, 


CO,Et CO,Et 


5.9. Make: C2-07. Break: O1—C2, N5—O7. Note that O6 and O7 are equivalent. 


H H H 
OR hv O 1 
O — o + ROH 
INN 6 4~N7 6 
5 | 5 
70` 


Unimolecular photochemical eliminations usually proceed by nonchain mechanisms. Photoexcitation 
gives an N5—O6 1,2-diradical. Abstraction of H- from C2 by O6 then gives a 1,4-diradical, which can 
collapse to an o-xylylene type of compound. Electrocyclic ring closure forms the O7—C2 bond and 
reestablishes aromaticity. Cleavage of the N5—O7 bond then gives a hemiacetal, which undergoes 


cleavage by the usual acid- or base-catalyzed mechanism to give the observed products. 


H H H OR H OR H OR 
OR hv a ee A scan 
—> —> —— oo. — 
Nae a a a 
Oo” o` o` -0 
H OR H OR H 
J OH O 
OH — TEL + ROH 
AS 
N N N 
œl] I I 
=O O O 


5.10. Addition of one electron to the ketone gives a ketyl (-C—O-), and addition of another electron gives 
a carbanion, which is protonated by EtOH. Workup then gives the reduced compound. Note how curved 


arrows are not used to show the movement of electrons in electron transfer steps. 
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y P 





5.11. Only the C—O bond is cleaved, but several C-H bonds are made. 


H H H H H H 





CH, f CH; CH; 


H H H H Hap 


First the ketone is reduced to the alkoxide according to the mechanism shown in problem 5.9. This 
alkoxide is in equilibrium with the corresponding alcohol. Addition of another electron to the benzene 7 
system gives a radical anion, which expels -OH to give a radical. This radical is reduced again and then 
protonated to give ethylbenzene. Another electron is added, protonation occurs again, another electron is 


added, and protonation occurs once more to give the observed product. 


H H H H H H 
O o7 o7 N 
Li Li H—Or-Bu 
H — H . —> H eee 
CH; CH; CH; 
H H 
H H 
z H 
9 H—OrBu Bu ee 
H H H H a H = 
CH, 
H H 


H H H H 
N H 
H i a H—Or-Bu H Ùi 
H — — H — — H — 
CH; CH; CH, 
H H H H H H 
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H H H H 
H A H 
H œ H—Ot-Bu H Li 
H — H — 
ohn) yon, 
H H H H 
H H H 
H 
H 
\ H CH; 
H H 





5.12. No need to number: only a N-C bond is cleaved. KMnO; is a one-electron oxidizing agent, and the 
HOMO of the starting material is the N lone pair, so the first step is electron transfer to give the N-based 
radical cation. N is somewhat electronegative, and it is unhappy about being electron-deficient, so it looks 
to its neighbors for another electron. It can gain such an electron from a neighboring C—H bond, if 
another species can take care of the H:. The [MnO,]?- radical dianion can use an O atom and an unpaired 
electron to abstract H from a CH3 group to give an iminium ion. Hydrolysis of the iminium ion by a 


conventional two-electron mechanism gives the secondary amine. 








NM ee + -CH3 
e 
2 I F <n’ \ ie F tScu, 
O=Mn—O H, O=Mn—O a 
O O ° 2 
N N N A 
-CH3 as CH, x 





aoe HNC cee 
~C—On; Clon ~CH, 
H, H, 
o o 0 o 
-H 
N z —_——- N 


5.13. Make: C1-C3, C4—-C6. Break: $2-C3, C4-S5. 
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Deprotonation of C6 gives an ylide , which undergoes a 1,2-shift (break C4—S5, make C4—C6). This 1,2- 


shift occurs in two steps: the C4—S5 bond homolyzes to give a radical and a radical cation, and 
recombination of C4 and C6 occurs to give an intermediate ring-contracted by one atom. The same 
process is repeated on the other side to give the observed product. Whether one or the other regioisoemr is 
obtained depends on whether C1 or C3 is deprotonated for the second ring contraction. 





Answers To Chapter 5 End-of-Chapter Problems. 


1. (a) MTBE is less prone to autoxidize than ether and THF. In MTBE, only one C attached to O bears 
H's, and abstraction of one of these H's gives a 1° radical. In ether and THF, both C's bear H's, and 
abstraction of one of these H's gives a 2° radical. 2° Radicals are much more stable than 1° radicals, so 


ether and THF are more prone to autoxidize. 


(b) ETBE is of less interest than MTBE because it is more prone to autoxidize. Abstraction of H: from the 
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H-bearing C adjacent to O gives a 2° radical of comparable stability to the radical derived from ether and 
THF. 


Incidentally, MTBE also forms an azeotrope with H2O (like benzene does), so there is no need to dry it 
over MgSOs or 4 A molecular sieves after an extraction, as must be done with both ether and THF. 


MTBE also has a much higher flash point than ether. 


(c) Acidic conditions are required. 


H3CQ— H NAA 
H3C s~ Ht H3C ~— H3C o= CH, H3C o= CH, 
H;C H;C H;C H;C 


(d) Ethanol is made from corn — hence the name, grain alcohol. If ETBE were required to be used in 


gasoline, it would mean megabucks for corn producers. 


(e) One reason is that MTBE is much more polar and hence more soluble in groundwater than gasoline. 
The other reason is more subtle. The primary mechanism by which gasoline is degraded is by free-radical 
processes — either by O; in the air, or by bacteria with oxidizing enzymes that proceed by one-electron 
mechanisms. It is easier to abstract H- from gasoline (which has 2° and 3° C-H bonds) than is it to 
abstract H: from MTBE. 


2. (a) CFCs decompose most readily during the Antarctic spring and in the stratosphere. This suggests 
that their decomposition is catalyzed by UV light. The action of UV light on CFCs is likely to cause 


homolysis of a C—Cl bond. In fact, Cl- radicals are the agents that catalyze ozone depletion. 


(b) HCFCs have a C-H bond, whereas CFCs don’t. In the lower atmosphere, O (actually, HO-) can 
abstract H: from an HCFC to give an alkyl radical, which can then undergo further reactions. This 


decomposition pathway is not open to CFCs, so they remain intact until they reach the stratosphere. 


3. (a) This is a standard free-radical addition reaction. Bu3Sn- abstracts I- from the alkyl iodide, the alkyl 
radical adds to the acrylate ester, and abstraction of H- from HSnBu3 completes the chain. The Bu3SnI 
produced in the course of the reaction is reduced by NaBHy back to HSnBu3. Initiation steps other than 
the one shown (e.g., C—I bond homolysis) may be envisioned. The termination steps are the usual 


radical-radical combination and disproportionation reactions. 


Initiation: 


h ee 
Meo, SS = MeO,C~ * H- SnBu, — > +SnBu, 
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oz e SnBu, —> Q + I—SnBu, 
UNI H 
A H 
Ipen = eek 
H CO,Me 


NaBH, 


Propagation: 





I— SnBu, H— SnBu, 


H H 
2 / SH SnBu; Ce + °SnBuz 
CO,Me CO,Me 


(b) Number the atoms. 


Bn 
21 da OBn 
4 F - 
3 N 150°C) °C 
5 + E BE 
6 7 
I m 


The first reaction is a 1,3-dipolar cycloaddition. The best resonance structure for the dipolarophile puts the 


positive charge on C5 and the negative charge on C4. This makes C5 most likely to be attacked by O1. 


Now the second step. Make: C7-N2. Break: O1-N2, C5-C7. Heating the tricyclic compound causes 
thermolysis of the weak O1-N2 bond. The cyclopropyloxy radical quickly ring-opens to put the radical 
center at C7; then radical—-radical recombination between C7 and N2 gives the product. 


OBn 
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OBn OBn 





(c) The by-products are MeOH and COs, and the O in the product must come from H20. Make: C3-C7, 
C2-08. Break: O1-C2, C3-C4. 


1 
2 -OCH 5 Br 2,0 1 
> 3 Li, THF, HCN aq. HCI 8 + MeOH 
aa a a a ere ra + CO, 
4 liq. NH; reflux Tv? 4 
3 CO,H 3 CH; 


The first part is a Birch reduction, with NH3 as the proton source. It gives the carboxylate enolate as the 
initial product. When the alkyl halide is added, the enolate acts as a nucleophile to give the C3—C7 bond in 
an SN2 reaction. 


OCH; OCH; H_- OCH; 

X Li Li L H—NH;, 
cog "2m COLi COLi 

H 





OCH; OCH; p, \ OCH; 
. i 3 ae ae 
CO,Li CO bi “~~ CH; 


Birch stops here 


Refluxing in acid protonates the enol ether to give a nice stable carbocation. Loss of CO2 from this 
carbocation gives a new dienol ether. Acidic hydrolysis of this dienol ether gives the product enone in the 


usual fashion. 





> OH, 
CH, 
CO,Li 
HCO H 
Or , 
+ °H 
CH; CH; 


(d) Light promotes an electron from the 7 to the 1* orbital in the aromatic C=O bond to give a 1,2- 
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diradical. 


, 
te 
t 


The O radical can then undergo Norrish type II cleavage, abstracting H- from Cl in a six-membered TS, to 


give the cyclobutanone and the ketenol. 


Alternatively, the C radical can abstract H- from C1 in a five-membered TS to give the cyclobutanone, CO, 
and PhCHO. 


(e) This is an acyloin condensation. The two ketones are reduced to ketyls, which couple and lose EtO-. 
The 1,2-dione is then reduced further by Na to give an ene-1,2-diolate, which after workup gives the a- 
hydroxyketone. 


05 OF 
id 
a ak ith 2 a BATT poe 


O° 7, Hx OH O OH 
Na Na v ia work-up 
HOH g H 


(£) A new C1-C6 bond is formed. Initiation has an alkoxy radical abstract H- form the C1—H bond to 
make a benzylic radical. Propagation consists of cyclization, then H: abstraction by C7 from a C1-H 
bond. 
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F 1 -Ph 
ROOR, 140 °C 
DLO a a 
2 4 6S 4 7 
6 CH; 


Initiation: 
RO-OR —~ RO. 


i: aaa = ee 
ROE j 


Propagation: 


Ph aN Ph Phy. 
I-Cl + 
ce ae H CH; H 


(g) Product 1: Make: C1-07, C3-C5. Break: C1—CS. Product 2: Make: C1-H. Break: C1-C5. In both 
compounds, the C1-C5 bond is broken, suggesting that the first step in both cases is Norrish type I 





cleavage. 


60 


S on my on H AA Tis, 
2 
2 p CH, OCH; * H; C ANS 
3 4 


Light induces formation of a 1,2-diradical. Norrish type I cleavage to give the stabler of the two possible 


1,5-diradicals then occurs. 


O O- 
CH; iy © (CH, 
CH => CH; 


The diradical can undergo radical—radical recombination at C3—C5 to give a ketene, which reacts with 





CH30OH to give the ester product via an awful zwitterionic intermediate. 


O 
CH O a 
€ : 3 H,C EJE OCH; 
e > — 
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O7 O 
H H H H 


Alternatively, C1 of the diradical can abstract H: from C4 in a disproportionation reaction to give the dienal 


N Hy  % 
On i H — O — 
a CH, = CH, 


(h) Two molecules of O2 are incorporated into this autoxidation product, in addition to one equivalent of 


product. 


thiophenol. Initiation proceeds by H- abstraction from PhSH by O2. Propagation has PhS- add to the less 
substituted alkene to give an alkyl radical, which reacts with O2 to give a peroxy radical. This adds 
intramolecularly to the other alkene to give a new alkyl radical, which combines with O2 again to give a 
new peroxy radical. The peroxy radical abstracts H- from PhSH to complete the chain. 
Initiation: 
PhS-H* ~+O-O- — = Phs» + H-O-O-¢ 
Propagation: A ; 


pase VA es M See ae 


PhS »- CH; = Be CH; 
e O— O° O- O- 
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(i) This reaction combines the Barton deoxygenation with an addition reaction. In the propagation part, 
Bu3Sn: adds to S of the C=S bond to give an alkyl radical, which fragments to give the dithiocarbonate 
and a new alkyl radical. The alkyl radical then adds to acrylonitrile to give yet another alkyl radical, which 
abstracts H: from Bu3SnH to complete the chain. 


Propagation: 2 
Me,C. pi O 
O n, 
Busn 7 $4 S: 
a 
MeS 
O 
7 
Me,C. pi O 
ia oe oe q 
Bu;Sn— S ; 
3 IA „CMe, 
MeS 
O 





Bu, gee a 


(j) The Cl in the product could come from either the S—Cl bond or the C-C1 bond, but since C still has 
three Cl’s attached in the product, it probably comes from the S—Cl bond. Make: C1—Cl4. C2—H. Break: 
C1-H, C2-S3, $3-Cl4. 


Cl O 
1 | Ils 4 (BzO),, A 1 4 2 3 
CH; Cl o Cl e, CH,Cl + HCC]; + SO, 


Cl O 


BzO.: is generated in the initiation. It abstracts H- from toluene to give a benzyl radical. 


nitiation BzO0-0Bz > 2 Bz0« 
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H H 
4) ~ 
H *OBz —> ° + H-OBz 
H H 


Benzyl radical abstracts Cl4 from S3 to give benzyl chloride and Cl4CSO» radical. This radical then 


fragments to give SO, and -CCl3, which then abstracts H- from toluene to complete the chain. 


Propagation: 
pag - o . o 
"7 Dass- cch —> € pa + +$-—CCl 
H O H O 


N N 
e S— CC} —> S? + «© CCL 
V 4 


V4) H 
C fa co a C p+ + H-CCl 
H H 


(k) The by-product is CO. Make: none. Break: C1—C2, C1—C6, C3-C5. 





Photoexcitation of the ketone gives a 1,2-diradical, which undergoes Norrish type I cleavage of the C1—C2 
bond to give a 1,5-diradical. The cyclopropylcarbinyl radical opens up to give a 1,3-diradical, which 


finally loses CO to give the observed diene. Some of these steps may be concerted. 





(1) This radical-catalyzed isomerization reaction is a variation of the BuzSnH-promoted reductive cycliza- 
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tion of haloalkenes that we’ve seen before. Bu3SnH is no longer a stoichiometric starting material, so it 
cannot appear in the propagation part of the mechanism. Instead, it is an initiator that is used to generate 


small amounts of the alkyl radical by abstraction of I. from the starting material. 
Initiation: O 
Bu3Sn—H + Bu3Sne 


H3C CH, ZA HC 
Bu3Sn* ~ > OV = Buz;Sn—I + 
I 


In the propagation part of the mechanism, the alkyl radical adds to the triple bond to give a vinyl radical, 
which abstracts I- from the starting material to give the product and to complete the chain. 


Propagation: H,C 


H3C— | — | | 2 HC ` 


H 
mec] En n ros HC HC. 


(m) This reaction combines a Barton deoxygenation with a free-radical allylation. Bu3Sn- is the chain- 


carrying species. 


Initiation: ae CH, CH 
CN 
3 
7N n SnBu, 2n H3 SnBu; 


H3C x) SnBu, 
J 
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OH OH 
PhO... PhO. So 
B SnBu, tT SnBu, 
—<—> + 
5 O P i O 
H,CO™ `o H,;CO™ ~O 
OH OH 
SnBu 
Gx a ae, aimee 
H,CO™ O i Hco™™ O ; SnBu, 
OH OH 
+ Bu;Sn° 
H,;CO™ Do A SnBu; H,;CO™ Do A 


(n) This free-radical substitution appears to proceed by direct attack of Bu3Sn- on the C-N bond to give a 
Sn-N bond and a C radical. However, the N atom is quite sterically encumbered, and direct abstraction of 
a light atom by BuzSn.- is quite rare. A better mechanism has the Bu3zSn- add to O of the N=O 7 bond to 
give a N-centered radical. Fragmentation of the C—N bond then gives a nitrite and the requisite alkyl 
radical, which abstracts H- from Bu3SnH to complete the chain. 


nitiation BzO0O-0Bz -> 2 B20: 


ko HR SnBu; —> BzO—H + *SnBus 
Propagation: 
TAARA WE (O- SnBu; 
NC ne e SnBu; —> NC Hi 
CH, O CH, O 
CH; O— SnBu; CH, O— SnBu; 
NC bis, —> so ON 
CH, O CH, O 
CH; CH; 
NC ae Ho SnBu, —> ne) a + +SnBu; 
CH, CH, 


(o) In this Birch reduction, the first equivalent of Li reduces the acid to a carboxylate. The Birch 
reduction then proceeds normally until after the second electron transfer step, when elimination of MeO- 
occurs to give a new aromatic compound. Now Birch reduction proceeds again normally to give the 


observed product. 
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OCH, OCH, OCH; 
H;CO H}CO, - ECO 
Li H- OEt H Li 
HCO CO,Li HCO CO,Li H,CO CO,Li 
OCH, OCH; OCH; 
H;CO,) 
H ~ Li — OEt 
HCO CO,Li T CO,Li H3CO CO,Li 
OCH, OCH, OCH; 





heel 
HCO T HCO CO,Li H,CO CO,H 


(p) This reaction is a standard free-radical addition reaction, except that the reaction takes place in an 


intramolecular fashion. 


Propagation: 


Bo ae ae nee 


+ PhSe— SnBu, 
UÙ seph 





+ SnBu; 





(q) Make: C2—C6, C7-Cl. Break: C1—C2. 
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Ac 
Ac O r 9 4 NG 
9 hv 
4 N. 2 UN Sc, oR 
8 Ko CCly 2 
7 5 CO,t-Bu S cr 6 2 °CO,t-Bu 


The weakest bond, the C=S m bond, will be selectively photoexcited. Fragmentation of the weak N-O 
bond (Norrish type I cleavage) gives a carboxy radical, which can fragment to give a C2 radical, which 
adds to the C6=C7 1 bond to give a C7 radical, which abstracts Cl- from CCl, to give the product. The 
reaction may or may not be drawn as a chain reaction, depending on whether the rate of addition of the 


CI,C: radical to S of the C=S n bond is comparable in rate to the Norrish cleavage. 


Tt » ej AQ- 


CO,t- Bu S 


WA 
N V7 COnt Pui 
ee CO,t-Bu oy" 
aca TEE of 


CO,t- Bu i CO,t- Bu 
(x) First compound: Make: C2-H. Break: C1-—C2. Second compound: Make: C2—C4, C3-H. Break: 
C1-C2, C3-C4. 
2 CH, 


5 
A 5 3 
a4 2 ~CHO A 4 2H D D 


In both products, the C1—C2 bond has cleaved. Cleavage of this bond can occur by fragmentation of the 
Cl radical to give the C2 radical and CO. The C1 radical is generated by abstraction of H.. 

Initiation: RO—-OR A 2 RO- 
D D D D 
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Propagation: DD D 


D O D D 
| 
D D D D 


The second product still requires formation of the C2—C4 bond and cleavage of the C3—C4 bond. Addi- 
tion of C2 to C4 is followed by fragmentation of the C2—C3 bond. The C3 radical then abstracts H- from 


the starting material to give the second product and to complete the chain. 


D D 
a D — Re D — @ 
H H H H D 
H O H H Į 
AES a A 
D D D D D D D D 


(s) Make: C2-C4. Break: C1-C2. 


H 
H 
D 


Ph Ph 
HAC a HG 2 
—> 1 == 
H.C 3™N4 
i 4 HC 


The C1-C2 bond is quite weak. Homolysis of this bond gives a 1,3-diradical at C1 and C2. The C1 
radical is allylically delocalized onto C4, also. Combination of the C2 radical with with the C4 radical 


gives the product. 


Ph CH; 
H3C S A s sÀ 


(t) Another free-radical addition reaction. The initiator is benzophenone in its photoexcited state. 
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Initiation: O O- 


hv A 
— e 


P oe T 
CH;(CH3)6 OH Ph Ph CH;(CH3)6 OH Ph Ph 


Propagation: (CH3) COH CH,(CH,), H (CH2)sCOH 


IDA a Oa 
CH3(CH))¢ 


CH,)COH (CH,),CO,H 
CH,(CH,),H (CH26CO2 CHCH) H (CH26CO2 
(CAs .— > H (CH,),CH, (CFs H (CH3)¢CH; 
HO = as FG oO; 

H HO H H HO H 


(u) Make: C3-H. Break: C3—C6, C5-H. 





Photoexcitation of the ketone gives a 1,2-diradical. An unusual mode of cleavage for ketones that is 


neither Norrish type I nor II, cleavage of the C3—C6 bond, then occurs to give a new diradical. The 


unusual cleavage occurs here in order to relieve strain in the four-membered ring. A disproportionation 


reaction (six-membered TS) then gives an unsaturated enol, which tautomerizes (acid or base catalysis) to 


give the observed product. 


H. H 
i 
O ) P 
Dy O 2 — — 
Ph Ph A Ph 
H H 


O 
N OH 


—> 
Amp ~> 


Ph 


H 
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(v) From starting material to first product, two equivalents of CO, are missing. First product: Make: C1— 
C14, C5-C10. Break: C1-C6, C5—C6, O7—08, C9-C10, C9-C14, 015-016. From starting material to 
second product, one equivalent of CO, is missing. Second product: Make: C1—-C14, C5-015. Break: 
C1-C6, C5—C6, 07-08, C9-C14, 015-016. 


i o0 14 a 
(X = 
6 —> 
16 15 
O-—O 10 35—015 


Heating cleaves a weak O-O bond homolytically to give two oxy radicals. Fragmentation of the C1—C6 


and C9-C14 bonds gives two radicals which recombine to give a cyclic diacyl peroxide. 


KO * 2 & @ 


HXO - Be 


Homolytic cleavage of the O015—O16 bond gives a new diradical. This can lose either one or two 


equivalents of CO2 before recombination to give the two observed products. 


OR 
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(w) Make: CI-N3. Break: O2—N3. This is a Barton reaction. Homolytic cleavage of the O-NO bond 


gives an oxy radical which abstracts H: from the nearby C1. Combination of this radical with NO, then 


tautomerization, gives the oxime. 





(x) Two sequential free-radical addition reactions occur. They may be stepwise or concerted. 


Propagation: 


we. cb y 
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O 
H H 
/ 
H—SnBu; —> + +SnBu, 


(y) Reduction of the ketone by Sml gives the ketyl. Addition of the C radical to ethyl acrylate gives a 
new radical, which undergoes further reduction by Sml; to give the ester enolate. Workup gives a Y- 


hydroxyester alcohol, which closes up to the lactone (cyclic ester). 


Oa, OSml, A 
m. e 
e O ANCE — 
OSml, OSml, 


O 
O 
gi 
Nn 
3, 
N 

p 

Nn 

3 0 

So 
[ 
S 
a 
c 
Wo) 


(z) The Bu3Sn: adds to the alkyne to give an alkenyl radical, which then undergoes intramolecular 
addition to give an alkyl radical. This radical is quenched from the less hindered side to put the 


carboxylate group in the more sterically hindered position. 


Initiation: CH; CH, CH; 
Hc N=n-+- CH A a Hc — © +w 
CN CN CN 
CH, CH, 
Hc -— “H~SnBu, —> H,C—+—H + © SnBu, 


CN CN 
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Propagation: 
MeO,C ij MeO,C i 
— 
Bu; Sn” Me Me Me Me 
DN LN Me H š Me 
ee ; OH 


OH 
Bu3Sn 


MeO, C—; 
F Me 
Bu Snan 7 Me 
OH 
Buz Sn 
Bu3Sn—H Bu3Sn* 
mY i H 
MeO, C—; MeO,,C 
Me ; Me 
Buz Snan 7 Me Buz Sna, 7 Me 
OH 


(aa) The easiest atoms to assign in the product are C2, C9 and C4. Break: C3-C7. 


° H 
3 2 1 $ 
2 Li 
ai 7 
liq. NH,” 
9 6 


He H 











The first step is electron transfer to the C=O 1* orbital to make the ketyl. This undergoes homolytic C3— 
C7 cleavage to give an enolate and a radical at C7. Under the reaction conditions, this radical is reduced 
by a second equivalent of Li to give a carbanion, which is protonated by NH3. The enolate is protonated 


on C9 upon workup. 


H H H 
O 7O 7O 
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H H 
H H H Q9 H 
H—NH) work-up 
y SS (N Y l \ = 
Ht 


O O 
ee CH3 H 3C H 


(bb) Again, the easiest atoms to number in the product are C2, C9, and C4. In the product, the 
bridgehead C next to the carbonyl C2 is going to be either C1 or C3; this C is more likely to be C1, since it 
is bound to two CH)’s, and in the starting material C1 is bound to one CH and one CH, while C3 is 
bound to no CH,’s. From there the numbering is clear. Make: Si-C9, C4—C2. Break: C2—C3, C4—CS. 


(Me3Si)3SiH (Me3Si)3Si 
cat. AIBN 





This is an intermolecular reaction, so it’s going to be a chain process. Initiation has the AIBN-derived 
radical remove H from Si. In the propagation, the Si radical adds to C9. From there, two pathways are 
possible. Either we can make C4—C2, then cleave C3—C2, or we can cleave C2—C3, then make C4—C2. 
Either way, the final steps are the cleavage of C4—C5S, then abstraction of H- from Si—H to start the 


propagation again. 


Initiation: CH, CH, CH 
ie ie a > 2 nc + N, 
CN 
CH; A CH, 
HyC -~ DH- Si(SiMe;,}, —> HCH + + Si(SiMe;); 
CN CN 


Propagation: 


: Si(SiMe3)3 es as 


l Si(SiMe3)3 
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A — —— : \ 
Either: è Z 
O i : O O 
Si(SiMe3)3 Si(SiMe3)3 Si(SiMe3)3 


Or: < 












—_> 
O > O 
Si(SiMe3)3 Si(SiMe3)3 Si(SiMe3)3 
\ 
H— Si(SiMe3), 
anos errs *Si(SiMe3)3 
O O O 
Si(SiMe3)3 Si(SiMe3)3 Si(SiMe3)3 
(cc) A molecule of ethylene is lost. Make: C1-O10, C4—C9. Break: O10-C11. 
ll 12 
H,C= CH2 





Enediynes tend to undergo Bergman cyclizations, and the C4—C9 bond can be made in this way. The C5 
and C8 radicals produced thereby can each abstract H- from C1 and C12, respectively. Fragmentation of 


the C10-C11 bond, then radical—radical combination gives the product. 


aS H H H H 
a i ra 
Bu n Bu A O Bu O 
S Et 4 Et 
Et XN a 
HC H H H H 
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Alternatively, a retro-ene reaction cleaves the O10-C11 bond and gives a highly unsaturated ketene. The 
ketene can undergo cycloaromatization to give a diradical intermediate. H- abstraction and radical—radical 


recombination then give the product. 


XY 
į 
Y 





Pr Pr 
H 
Bu ļ o2 Bu O 
‘CH, 
Et Et 
H H 


(dd) Make: C5-C9. Break: Sil—O2, C3-C5. 





Fe(NO3)3 has the same reactivity as CAN, a one-electron oxidizing agent. The Fe(NO3)3 will remove the 
electron highest in energy from the substrate. Such an electron would have to be one of the unshared 
electrons of the O atoms. After removal of an electron from O2, the C3—C5 bond can fragment to give a 
C5 radical, which can add to C9 and generate a new radical at C10. The C10 radical then abstracts H- 


from 1,4-cyclohexadiene. Sil is lost from O2 upon aqueous workup. 
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Z Fe(NO3)3 EtO 


e 
workup 
———*__ product 


Ph” 


(ee) The purpose of Mn(OAc)3 is to make an enoxy radical. This occurs by formation of the Mn(III) 
enolate followed by homolytic cleavage of the Mn—O bond. A cascade free-radical cyclization then occurs 
(either in one step or stepwise) to give the fully cyclized radical. Cu(OAc), then promotes another one- 


electron oxidation to give a carbocation, which loses Ht to give the product. 





Cu(OAc)5 





— > product 
O O 
MeO,C Cl MeO,C_ Cl 


4. (a) The third step, combination of O2 with a radical, is reasonable. The fourth step, abstraction of H- 
from an O-H bond by ROO., is not reasonable, because the alkylperoxy radical is much more stable than 
the alkoxy radical. The radical could abstract H-, but not from an O-H bond. The fifth step is reasonable, 


assuming that the benzyloxy radical could be formed in the first place. The sixth step, abstraction of RO- 
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from an RO-OH bond by a stable alkyl radical, is very doubtful. HO- is a very high energy species that is 
only very rarely seen in organic reactions, and reaction mechanisms claiming HO- as an intermediate or 
by-product must be viewed with great skepticism. (It is, however, an important biological radical.) Also, 
abstractions of first row atoms are not common, and the proposed -OH abstraction reaction is expected to 
be quite slow. 


(b) The fourth and fifth steps could be combined to give a reasonable step. That is, the peroxy radical 
could directly abstract H: from the benzylic bond in an intramolecular fashion to give a benzylic radical and 
the hydroperoxy compound. This would require a seven-membered TS, but at least the H- would be 


abstracted from a relatively weak bond. Unfortunately, this would not solve the problem of the sixth step. 
OY Ph O Ph O 
Coo — Coo ( T X% Coo Ph 
H H H o 
T O 
O- Cas ‘OH 


A better possibility: PaCH20- adds to C6ọ. Then autoxidation of a benzylic C-H bond occurs to give the 
hydroperoxide. Then the Ceo carbanion displaces OH- from the hydroperoxide to give the product. 





f Pee : a T : a oi 
60 I> o | 4H P Sao i s 
O Ph n O Ph O 
c Z — C C `— 
© | H 0-0. HH 6 | H O-OH 60 Ph 


Answers To Chapter 6 In-Chapter Problems. 


6.1. The mechanism is identical to hydrogenation, with [(pin)B]z replacing H, and [Pt] replacing Pd. 
The number of ligands attached to Pt is uncertain, so it is permissible to write [Pt] instead of (Ph3P)2Pt or 
(Ph3P)3Pt. 


II B(Pi Ph— == CH 

PinB—BPin > [pyc PE 3 

(a) B(Pin) (p Nod s 
(b) (a) oxidative addition; 
[Pt] 0 Ph— == CH, (b) coordination; 
Tp p PEM (c) insertion; 
Ph CH; th (d) reductive elimination. 
Ph CH; a B(Pin) 
, a (d) (Pt. wean (c) 
(Pin)B B(Pin) 


6.2. The mechanism begins the same, but after coordination of the C=O m bond to Rh, a Si-Rh—O 


intermediate is obtained. Reductive elimination gives the identical product. 


Phin, 
Dan m H MeO 
,Si—H RIC o ~ 
i n 
(a) 3 (b) aie Mt, (a) oxidative addition; 
I H (b) coordination; 
Rh MR ho (c) insertion; 


Ph A Ph “SiR; (d) reductive elimination. 
O S Me O— Me a 
RE (c) 


6.3. The mechanism proceeds by insertion of Rh(I) into the Si-H bond, coordination of the C=C a bond 
to RhdID, insertion of the m bond into the Rh—Si bond, coordination of CO to Rh(IID), insertion of CO 


into the Rh—C bond, and reductive elimination to give the product and regenerate Rh(1). 


Ph ph 
OSi—H 


i-Pr oN \ / M A fh M 


I OSi—[Rh]-H OSi—[Rh]— 
[Rh] Sere Bee = ee 


E i-Pr D i-Pr >` 
product ave 


Ph Ph isa Ph Ph ‘ae Ph. Ph 
ae Lc=0 = 
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6.4. The isomerization of alkylzirconocenes proceeds by a series of B-hydride eliminations and insertions. 
Because the C(sp2)—Zr bond is much stronger than the C(sp>)—Zr bond, and because the allene product 
that would be generated by B-hydride elimination from an alkenylzirconocene is high in energy, the B- 


hydride elimination is uphill in energy. 


6.5. An alkylzirconocene undergoes o-bond metathesis with H, gas to give the alkane and Cp,ZrHt. 
Coordination and insertion of the alkene into the Zr—H bond regenerates the alkylzirconocene. 


IV H C= CHR a \ 





coordination 


mR ‘ 
o bond metathesis : ; 
c a HAIN Z R insertion 

D> 


“CH 


6.6. The reagent PhI=NTs can be drawn in the resonance form Phi -NTs, where its resembalnce to CIO- 
becomes clear. Moreover, the issues of the square planar coordination sphere of the Mn(salen) complex 
don’t exist with Cu(II), so a very simple mechanism can be drawn: coordination of the N of the reagent to 
Cu(II), displacement of PhI by a lone pair on Cu to give a Cu([V)=NTs reagent, [2 + 2] addition to the 


alkene, and reductive elimination. 








I 
R! R2 (a) LZ 
(c) | (a) coordination; 
R! (b) [2+2] cycloaddition; 
N (c) reductive elimination. 
Ts NTs 
Ts v | (b) v | 
u N 
R? A 
R! R? 


Unfortunately, there’s a problem with this mechanism, too: Cu doesn’t like to be in the IV oxidation state. 
A more likely mechanism begins with one- or two-electron reduction of Cu(II) to Cu(1) or Cu(0), followed 
by a Cu(D)/Cu(D) or a Cu(0)/CudID) catalytic cycle. The electrons for the reduction would have to come 
from the PhI=NTs reagent. 


6.7. OsO7(OH)y is in equilibrium with OsO3. Addition of the amine oxide O to Os gives an Os(VI) ate 
complex, and a lone pair from Os displaces NR3 to give OsOy4. 
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O Omn + O O 

] -H0 _ If ~O—NR, ly <4 Îl 
0=0s-0H === 0=0s O= Ps OT NR; == 0=0s=0 

OH O O O 


6.8. As before, K2OsO2(OH); is in equilibrium with OsO3. TsNCI adds to Os, which uses a lone pair to 
displace Cl from N and give the key Os(VIII) intermediate. Coordination of the Sharpless ligand creates a 


complex that adds rapidly to the alkene. Hydrolysis of the Os(VI) product regenerates OsO7(OH), and 
provides the product. 











Ts 
O a Onl O . Ts 
E [> QOH -w0 ITN IE a AN 
O=Os—OH|] =  VIOs =——~ O=Os O=Os—N—Cl VAN 
HO Oo On ll L 
OH O O 
a aaa 
Ts Ph L 
Ri Q LN NTs 
TsH VIO ad ~« in 
H,0 ý No hy, A ná No 
HO n “ty 
“CO,Me CO,Me 


6.9. The alcohol and aldehyde are in equilibrium with the hemiacetal. Coordination of Hg(II) to the 
alkene is followed by attack of the hemiacetal O on the alkene to give, after loss of AcOH, the product. 


Et Et 


7 os A 


OH , Hg(OAc), O~ ~OH 


EtCHO 
pees peek 
CgHi7 N CgHy7 = CgHi7 aà 
(AcO),Hg 





Et Et 


O OH — HOAc O O 


A A s OA A A nzore 
CgHj7 CgHj7 


6.10. Coordination of the alkyne to Pd(II) is followed by attack of O on the distal C to give the furan ring 
with the C—Pd © bond. Proton transfer from O to the C bearing the Pd is followed by fragmentation of the 
C-Pd bond to give the product and to regenerate Pd(II). Instead of protonating C, one could protonate Pd 
and show a reductive elimination to give the same product. 





Il [Pd] 


6.11. The mechanism is very similar to the stoichiometric one, except that the key dialkylcuprate reagent 


is made from transmetallation of the Grignard reagent. 


[ Cul *MegBr i-Pr 
SS po _ I AA l | + 
M OMgBr Ci N : MgBr 
DD P *MgBr Cu 
M o M Z O 
i-Pr 
i-Pr i-Pr 





1 
TN ° 
1 > 
9 SS 5 2 “NEt, cat. Ti(O-i-Pr)4 6 Ce á 


Hold on! The product is missing O3. Where did it go? Also, what happens to the two equivalents of 
CsHoMgCl? It makes sense that O3 should be bound to two *MgCl ions at the end of the reaction. That 
leaves two Cs5Ho groups to account for. Perhaps they are disproportionated into C5H;9 and C5Hg. Make: 
C2-C8, C2-C9, O3—Mg11 (twice). Break: C2-03, C10-Mg11 (twice). 
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H H 3 11,ll 
7 O(MgCl), 

1 NEt 
2 4 2 

VAA a na 5 Hg g 

1 
gs 75 2~NEt cat. Ti(O-i-Pr), 6 
8 6 4 7 8 H H H H 


The Grignard reagent is obviously a nucleophile. Although C2 is an electrophile, we do not make a C2- 
C10 bond, so that is not the first step. The first step is substitution of two i-PrO groups on Ti with two 
CsHgy groups. B-Hydride abstraction then occurs to give C5H4ọ and a titanacyclopropane, which is a 
resonance form of Ti(II)—C5Hg complex. Exchange of the C5Hg alkene ligand for the substrate alkene 
gives a new Ti(II)—alkene complex, which is a resonance form of a Ti([V) titanacyclopropane. This ligand 
exchange converts both C8 and C9 into nucleophiles. Insertion of the C2=O3 m bond into the C8—Ti bond 
gives a titanafuran with a new C8-C2 bond. This compound can also be described as an 
O-titanahemiaminal. The lone pair can be used to cleave the C2—O3 bond and give an iminium ion and a 
Ti([V) alkyl ate complex, which is nucleophilic at C9. Attack of C9 on C2 gives the desired product and a 
Ti(IV) oxide, which undergoes ligand substitution with two equivalents of C5H9MgCl to complete the 


catalytic cycle. 


i-PrO 2 [Mec O 
SW a ee 
i- E 0- -Pr Et, Z i -Pr-O 
i-Pr-O— hay D i-Pr-Q i A (a) i 
Wi n | i-Pr-O 
i-Pr-O i-Pr-O 


MgCl 
NEt, 
2 
Mg e Y 
N j oe i-PrQ 
IV Ti 
i-Pr-O > i-Pr-O, i-Pr-O, K (c) | r E 
1 —=«— |-Pr- 
i-Pr-O~ i-Pr-O~ TE i-Pr-O~ HA 
` 9> o 
> NEt, 


< NEn 


(a) ligand substitution; NEt, 
(b) B-hydride abstraction; 
(c) insertion; 

NEt, (d) ligand dissociation and nucleophilic addition. 
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6.13. The question should read: NMO oxidizes one CO ligand of the alkyne—Co7(CO)¢ complex to CO 


and gives an alkyne—Co7(CO)s5 complex. Write a mechanism for this transformation. 


The mechanism begins with nucleophilic attack of the amine oxide O on a CO ligand to give a species that 
looks something like an ester. The Co-C bond then cleaves, with the electrons being used by C to make a 
T bond to O and expel NR3. 





CO O 
ay E a Ñr, R ore LLN NR; c GNE 
T CaCO COCO O 
LXO ree Lipo 


6.14. This reaction can be viewed as an acid-catalyzed aldol reaction between an ester and an aldehyde, 


where the carbonyl O of the ester is replaced with a (CO)>5Cr group. 


C C 

ae iti tL Baa e wi 

oc | CH; Ph“ `H oc S= 
co oo a 


The mechanism proceeds by BF3-catalyzed conversion of the Cr carbene complex to an “enol”, followed 
by attack on the BF3-complexed aldehyde. 





CH H CH 
OC co ; co A, C 2 
BE BE 
COo + COn A. eo 
PR |CO OMe Y ~Ht FR | ofSMe N 
OC con] pk E OC co ph H 
H 
HO-BF; 
F3B CO A -BF 
A Ax OMe H 3 [AY OMe H 


6.15. Make: C1-C5, C3-C7, C5-C6. Break: C3—Cr4, Cr4—C5S. 
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Me 
4 5 6 7 
1 \ Cr(CO); ==Pr 
N 23 
Me OMe Me 


The mechanism begins with a [2 + 2] cycloaddition between the Cr=C bond and the C=C bond to form the 
C3-C7 bond and give a chromacyclobutene. Electrocyclic ring opening breaks the Cr4—C3 bond to give 
an allylidenechromium compound. At this point, several pathways are possible; one is shown below. 
Electrocyclic ring closing of the 1,3,5-triene system gives a chromacyclohexadiene, insertion of CO into 


the Cr—C1 bond (or Cr—C6 bond) occurs, and reductive elimination gives the product. 


Me Me ; 
electrocyclic 
\ Cr(CO); = =—Pr Proe opening 
— N Cr(CO);_ —————> 
[2+ 2] 
N N 
Me OMe Me OMe 
Ves (OC);Cr 
electrocyclic M p 
\ f Pr closing insertion 
N N 
Me OMe Me OMe 
(CO); 
Cr Q 
M \ reductive Ms Pr 
P elimination (> 
_ T Á 
N N OMe 
Me OM Me 


An alternative end-game has the CO insert into the Cr=C bond of the allylidenechromium compound to 


give a Cr complex of a ketene. Electrocyclic ring closing of the ketene would then give the product. 


6.16. The purpose of the P compound is to coordinate to Ni(0) and keep it in solution throughout the 
course of the reaction. Coordination of the diene to Ni(0) gives a complex that can also be drawn as a 
Ni(II) nickelacyclopentene complex. Coordination of the alkyne, insertion, and reductive elimination 


complete the catalytic cycle. 
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OAc 
A/N 
[Ni < 
OS = 
[Ni] 
Te a b) 
[Ni] 
Me 


(a) ligand coordination; (b) insertion; (c) reductive elimination. 





OAc 





6.17. Coordination of the Rh(I) to the vinyl group and homoallylic rearrangement gives a 
rhodacyclohexene. Insertion of the alkyne into a Rh-C bond and reductive elimination completes the 


catalytic cycle. 


RA 


~ Ae (a) coordination; 
OTBS7 a OTBS (b) (b) homoallylic rearrangement; 


(c) insertion; 


Il ok (d) reductive elimination. 
orgs Rh 
QO 
AL ho 


OTBS 


6.18. Make: C1-C9, C3-013, C5-C10, C7-C12, C10-C11. Break: C3-C5, C3-06. 


8 9 
MeO SX y= 
2 mol % A 
: ~~ 


Il 12 





The C7-C12 and C10-C11 bonds can be made by a Diels-Alder reaction (cyclohexene product). This 


observation simplifies the problem considerably. 
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O O 
O i O 
Cies l / Cy 
— 
\_=\, So O 
Me Me 


The mechanism for formation of the cycloheptenone is exactly the same as discussed in the book. After a 


Diels-Alder reaction, the enol ether is hydrolyzed to the ketone by an acid-catalyzed mechanism. 


6.19. As is almost always true when when the substrate in a Pd-catalyzed reaction is C(sp~)—X, the first 
step is oxidative addition of Pd(O) to the C-I bond to give an arylpalladium(ID) intermediate. (Although the 
Pd compound that is added to the reaction mixture is Pd(ID), it is reduced in situ to Pd(O) by the 
mechanism outlined in the text.) Coordination of CO and insertion into the C—Pd bond gives an 
acylpalladium(II) intermediate. Deprotonation of the alcohol is followed by nucleophilic attack on the 


carbonyl C. Expulsion of Pd(0) gives the product and completes the catalytic cycle. 


II 
[Pd] Pal. 


= 


(a) oxidative addition; (b) coordination; (c) insertion. 


6.20. Make: C2—C6. Break: C2—Br. Also, note the loss of one H from C8. 


oer 10 Pd(QAc)>, PhsP 
Et;N 


The mechanism begins with oxidative addition of Pd(II) to the C2—Br1 bond to give an arylpalladium(II) 





compound. (Although the Pd compound that is added to the reaction mixture is Pd(ID), it is reduced in situ 
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to Pd(0) by the mechanism outlined in the text.) Insertion into the C6=C7 n bond is followed by B- 
hydride elimination, with the H coming from C8, to give the product and H—Pd(II)—Br. Deprotonation of 
the Pd complex regenerates Pd(0) to complete the catalytic cycle. 


H 
Cr Mpaj—Br \ 
O ae H | 
N I ; N 
(a) 
"s O (a) oxidative addition; 


sal E) (d) ( b)| (b) coordination, insertion; 
y H (c) B-hydride elimination; 


H 
H Il [Pal H (d) deprotonation, dissociation. 
> H-[Pd-Br e P y 
e m 
N O 


Me a O 


6.21. It proceeds by the standard mechanism for cross-coupling reactions: oxidative addition of Pd(0) to 


the C-I bond, transmetallation to give the C—Pd(II)—C compound, and reductive elimination. 


Tf Tf 











se addn. 


[Pd] ° 


] | transmetallation 
red. elim. Tf 


Y 


H 





6.22. Again, it proceeds by the standard mechanism for cross-coupling reactions: oxidative addition of 
Pd(0) to the C-C1 bond, transmetallation (can also be viewed as ligand substitution) to give the N—Pd(I)— 


C compound, and reductive elimination. 
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D ‘TPd]—Br 
won MeO 


a ae addn. | C (Me3Si),NLi 


[Pd] ° 


y LiBr 


red. elim. 


> a AA re 
MeO MeO 


6.23. The mechanism is the same as a regular Stille coupling, except that coordination of CO and insertion 
into the Pd—C bond intervenes between the oxidative addition and transmetallation steps. At some point 


the TfO- group on Pd is exchanged for a CI- group. 


lipaj- S Ibd}—x 
CO 


Ssa \ (c) 
P 


[Pd] ° 
\ O 
va Iw SiMe; 1 
[P4] (d) [Pd]-X 
SMe BuSnX . 
Bes AZ SiMe, 


(a) oxidative addition; (b) coordination; 
(c) insertion; (d) transmetallation; (e) reductive elimination. 


6.24. Protonation of the epoxide by AcOH is followed by nucleophilic ring-opening with Pd(0) (Sj2- 
type reaction) to give an allylpalladium(II) complex. The AcO™ then attacks the allyl ligand, regenerating 
Pd(0) and affording the product. 


K 
+ 
O H 





(a) oxidative addition; 
i ) (b) nucleophilic displacement ("Sy2"). 


[Pd]? 
HO Sy OAc 
a ” p” . 
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6.25(a). Coordination of Pd(II) to the alkene converts the alkene into an electrophile, which is attacked by 
the OH lone pair to give an alkylpalladium(II) complex. B-Hydride elimination, insertion, and a second B- 
hydride elimination afford the product and a Pd(II) hydride, which is deprotonated to Pd(O). Oxidation of 
Pd(0) back to Pd(ID is carried out by Cu(OAc)y, and the Cu is then reoxidized by Op. 


Cl. 7 i vas 
(a) y FE Genre | came = ha 
[Pd 2255 H 
SS [Pa] 





[Pa]! (a) H H 

[Pd]? | p 

mM p= e ) 
Qy, ARRA Q Q H 
J% =F CH, 1 =H 
[Pd] " [Pd] HH 

H H H H 


(a) ligand association; (b) B-hydride elimination; (c) insertion; (d) oxidation. 


(b) The mechanism is exactly the same as described in (a), except that the nucleophile is HO and the last 


B-hydride elimination removes H from O, not C. 


HO HH 
wee n [Pa] " 
[Pd] OHC H H 
=L 
nor KG 
Q H—[Pd]" HO HO H 
Me CH, iN Me CH, 1e Me —-/ 1 
M (b) M M 
[Pd] £ [Pd] H 
OHC H H OHC H H OHC H H 


(a) ligand association; (b) B-hydride elimination; (c) insertion; (d) oxidation. 


6.26. The mechanism begins with œ-hydride elimination to give a benzylidenetitanium complex. A [2 + 
2] cycloaddition gives the titanaoxetane, and [2 + 2] retrocycloaddition affords the product and the by- 
product. 
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~NMe Me, 


i H 
} Ph (a) H (b) ? i (c) q 
Cp-Ti = C 1 arcs a. ; 
P241, Par Cp-Ti TiCp, 
H Ph 
Ph Ph Ph 
H 


(a) -hydride elimination; (b) [2 + 2] cycloaddition; (c) [2 + 2] retrocycloaddition. 


6.27. The Mo=C z bond of the catalyst (R = t-Bu in the first catalytic cycle, R = h subsequently) 
undergoes a [2 + 2] cycloaddition to the substrate to give a molybdacyclobutane. A [2 + 2] 
retrocycloaddition affords a new Mo=C r bond, which undergoes intramolecular [2 + 2] cycloaddition 
with the other C=C x bond in the molecule. A [2 + 2] retrocycloaddition affords the product and 


regenerates the catalyst. 









Q 


NH 
ae a 


Et Et Et 


(a) [2 + 2] cycloaddition; (b) [2 + 2] retrocycloaddition. 


6.28. The mechanism again consists of a series of [2 + 2] cycloadditions and retrocycloadditions. 


TiCp, = TiCp, 
—_— 
TiCp, 


(a) [2 + 2] cycloaddition; (n=n+1) n 
(b) [2 + 2] retrocycloaddition. 
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Answers To Chapter 6 End-of-Chapter Problems. 


1. (a) A new C-C bond is formed between a nucleophilic C—Zn and an electrophilic C-Br. This Pd-cata- 
lyzed reaction proceeds through the standard oxidative addition, transmetallation, reductive elimination 
process characteristic of Pd-catalyzed cross-couplings. The oxidative addition requires Pd(O). The role of 
the DIBAL is to reduce the Pd(II) to Pd(O) by two transmetallations and reductive elimination of H. 


1. E -PPh j- — Ph,P. H-H PhP. 0 
C Pd’ 3 2 1 Bu,Al H 3 Pd’ BIN 





PhP” ~Cl (a) PhP `H (b) — PhP 
0 
Sy Ph PS Sa 
| Ph;P~ | \ —BrZnCl 
i ores Z~ Br + Zoe SeA 
Br (c) Pd N (a) 
y SO,Ph 
SNN 


J n 
nva 
2 
E| 
y 
ry Fg 
W- FU 
Net 
° 
Z GY 
a 
SS 


SO,Ph 
(a) transmetallation; (b) reductive elimination; (c) oxidative addition. 


(b) An allylic leaving group is replaced by a nucleophile. This reaction proceeds through the standard 
sequence for allylic substitutions catalyzed by Pd, i.e. two sequential backside displacements. The chiral 
ligand causes the nucleophile to attack only one of the two prochiral termini of the meso 7 allyl inter- 


mediate. The N may be deprotonated before or after it attacks the 7 allyl complex. 


Ar 
O(Ph),Pr 9 -"OMe iG _ 
C O(Ph),P~ tals OMe +p id P(Ph)0 D B 


` P(Ph),0 
A TsHN Ar Ar 
AE oe a ag 5 AVONS S = _+H ‘a 
= _ P(Ph),0 D -Ç F OPP o h 
nP ~ PPh) O O(Ph) P^ NTs 


(c) A new C-C bond is formed between a nucleophilic terminal alkyne PhC=CH and an electrophilic C-I. 
This Sonogashira reaction proceeds through the standard oxidative addition, transmetallation, reductive 
elimination process characteristic of Pd-catalyzed cross-couplings. The terminal alkyne is converted to a 
Cu(I) acetylide before transmetallation to Pd occurs. The mechanism was discussed in the text (Section 
6.3.4). 
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(d) A new C-C bond is formed between a nucleophilic C-B and an electrophilic C-I. This Suzuki 
coupling proceeds through the standard oxidative addition, transmetallation, reductive elimination process 


characteristic of Pd-catalyzed cross-couplings. The mechanism was discussed in the text (Section 6.3.4). 


(e) There is no nucleophile in this Heck reaction. The first step must be oxidative addition of Pd(0) to the 
Ar-I bond to give a Pd(II) complex. (Before this can occur, the Pd(IT) complex that is added to the reac- 
tion mixture must be reduced to Pd(O). In this system, it is not clear how it happens. Either the I~ or the S 
in a small amount of heterocycle might act as a reducing agent.) The crucial C—C bond is then formed by 
coordination of the 2 bond of acrylate to the Pd(II) complex and migratory insertion. B-Hydride elimina- 
tion gives the organic product and I—Pd(II)—H. Deprotonation and dissociation of I~ regenerates the 
Pd(0). 


Ph és Ph Ph 
= L,Pd = 7 ~CO.Et \ 
I pa-I Sf ins 


Ph HH Ph H 
CO.Et CO.Et He : NEt, 0 
f ae a nl? —> L Pd 
| ‘i H (d) | a PdL, (e) n 
3 7 PdL, 3 H Q 


(a) oxidative addition; (b) coordination; (c) insertion; (d) B-hydride elimination; (e) deprotonatior 


(f) An allylic C with a leaving group is being epimerized by the Pd(0) complex. One possible mechanism 
is simple displacement of N by Pd(0) to form the 7 allyl complex, then displacement of Pd(0) by N to 
reform the ring. The problem with this mechanism is that allylic substitution reactions catalyzed by Pd 
proceed with retention of configuration (two Sy2-type displacements), whereas this reaction proceeds with 
inversion of configuration. In this particular molecule, the anionic N can coordinate to the Pd 7 allyl 
intermediate in an intramolecular fashion; reductive elimination from this chelate would give the product 


with overall inversion of configuration. 


PhP Ph3p 

R —= 0 PPh; pg PhsP-Pd. i phsP-Pd.” 

Fes PPh, (Za ArO,SN...) = 
H NV H T 

SO,Ar oxidative H H R H 
addition ~NSO,Ar 
PPh 
Ng 4 SO,Ar 


H 
Pd == N (= PhP, 0 
ArO,SNn\ C + nec “Ne r "Sa 
reductive F Ph3P 


R H elimination R 
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(g) Make: C4—C5, C1-H. Break: C5-H. 


CH; 
2 a 1 mol% Pd,(dba)3CHCl, 2 CO.Et 
TS + ae a ae L 3 
=a ; + H CN 5 mol% dppf 4 = CN 


C5 is extremely acidic, and once deprotonated it is nucleophilic. C4, though, is not electrophilic, so we 
need to convert it to an electrophilic C. Looking at the product, one sees that the new C-C bond is allylic. 
This suggests attack of C5 on a 7 allyl complex. This complex could be made by insertion of the C1=C2 
m bond into a Pd-H bond. This last could be made by protonation of Pd(0) by C5. 


CH; 
CO,Et -=x = gies = 
allylic CN 
E. La a. H— PdL, 
Ph 


Protonation of Pd(0) gives [Pd(II)—H]*. Coordination and insertion of the C1=C2 m bond gives the Pd 1 


allyl complex. Attack of the nucleophile on the less hindered terminus gives the observed product. 





CH, 
CO,Et = CH 
rani ; ( 
Pd: H CN —> H-—PdL, — = 
II coordination, L P d 
Ph insertion. noH 
CH, 
CH, is CO,Et 0 
an are ee: ee gees 
Ph 


(h) This reaction is simply a Wacker oxidation. Its mechanism was discussed in the text (Section 6.3.6). 
The key steps are attack of HzO on an electrophilic Pd—alkene complex, then B-hydride elimination to give 


the enol. 


(i) Make: C1-C5, N4—C5, C3-06. Break: C1—Br. 





6 
T EtO ~ 
3 2 3 
SN 2% (Ph3P)PdCly, 8% PPh; NG 
CO, 1.3 Et;N, EtOH f 


1 Br 5 6 O 
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Incorporation of CO into an organic substrate usually occurs by insertion of CO into a C—metal bond. The 
requisite Cl—metal bond is formed by oxidative addition of a Pd(0) species into the C1—Br bond, the 

normal first step upon combining a Pd(0) compound and an aryl halide. Coordination and insertion of CO 
follows. Addition of N to the carbonyl and loss of Pd(O) gives an iminium ion, which is trapped by EtOH 


to give the product. 
O O O+ 
yan, 2) 
N° PhP“ N CoO Cee 
3 - ———> Ar—PdL, =~ 
oxidative u .Br coordination | insertion 
Br addition Pa Br 
n 
~\ O O 
—_ 
N \ y cr Ó 
Oi Oe - Ose, 
II 
P Vi 0 
; S ‘Br + PdL 
QE Br Pd y 


(j) This is another Heck reaction. After the insertion to give the o bound Pd(ID, B-hydride elimination 


occurs in the direction of the OH to give an enol. The enol tautomerizes to the aldehyde. 


(k) Make: C1-C1, C2—C3. Break: none. 


4 





i. 2 adai XS a CHO CO,Me 
E 2° 4LiCl, ACOH COJA 3 
2 mol% Pd(OAc), CHO 


In fact, a mechanism for this reaction can be drawn that does not involve Pd at all, but let’s assume that Pd 
is required for it to proceed. Cl- must be nucleophilic. It can add to C1 of the alkyne if the alkyne is 
activated by coordination to Pd(II). (Compare Hg-catalyzed addition of water to alkynes.) Addition of 
CI to an alkyne—Pd(II) complex gives a o-bound Pd(II) complex. Coordination and insertion of acrolein 
into the C2—Pd bond gives a new o-bound Pd(II) complex. In the Heck reaction, this complex would 
undergo B-hydride elimination, but in this case the Pd enolate simply is protonated to give the enol of the 


saturated aldehyde. 
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CO,Me eae , Me0,C PdL 


OLP O pa” " Z2~cHO 
| | ee Pd l L y > 
coor ination coordination, 


insertion 


MeO,,C PaL, MeO,C MeO,C 
e so Jah, 
Cl H O 


(D A new C-C bond is formed between a nucleophilic C—-Sn and an electrophilic C—Br. This Stille 
coupling proceeds through the standard oxidative addition, transmetallation, reductive elimination process 


characteristic of Pd-catalyzed cross-couplings. The mechanism was discussed in the text (Section 6.3.4). 


(m) Make: C1—C10', C2—C10, C3-C7, C8-C10, C10'-O11. Break: C1-09. 






A V8 6 78 
=> cat. Pd(PPh3), 5 o 
— 
5 ENE CO, MeOH 
4 SY 11 10'11 


CO,Me 


The first step is oxidative addition to the C1-09 bond to make a Pd 7 allyl complex. Both C1 and C3 are 
rendered reactive by this step. At this point, we can either make the C1-C10' bond by CO insertion, or 
we can make the C3-C7 bond by insertion of the C7=C8 m bond into the C3—Pd bond. The first 
alternative would be followed by displacement of Pd from C10', requiring a new activation step to 
incorporate Pd into the substrate and allow the formation of the other bonds. After insertion of the C7=C8 
T bond into the C3—Pd bond, though, we get a C8—Pd bond. This can insert CO to give the C8—C10 
bond. The C1=C2 x bond can now insert into the C10—Pd bond, giving a C1—Pd bond. A second 
equivalent of CO then inserts. Finally, displacement of Pd from C10' by MeOH gives the product. The 
mechanism by which the Pd displacement proceeds is written as acid-promoted because the by-product of 
the reaction is ACOH. 


O: 
o -H 
E —> 
Z PdL, 
Cc | ~OMe 
. OH 
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O a 
PdL, HOMe PdL, 
+H 
HO Me 


(a) coordination, insertion. 


OMe 


(n) Make: C1-C7, C2-C5, C6-C7. Break: C1-B, O3-C4. C1, with its bond to a negatively charged B, 


is nucleophilic. 


2 3 
Vir OCO,Me cat. (PhsP),PdCl, 
tz + << 
N 5 SS 6 goo 
M Lit Me 


e 








A simple Suzuki-type coupling would form a bond between C1 and either C4 or C6. Obviously that isn’t 
happening here. The O3—C4 bond is propargylic, so Pd(0) can undergo oxidative addition here to make a 
propargyl—Pd(I) complex. No new bonds are formed to C4, but the propargyl complex is in equilibrium 
with an allenyl complex with a C6—Pd bond. Insertion of CO into this bond gives the C7—C6 bond. Now 
transmetallation with the C1—B bond and reductive elimination gives the C1—C7 bond. At this point, the 


C2-C5 bond still needs to be formed. An electrocyclic ring-closing forms this bond and gives a zwitter- 


ionic oxyallyl. Proton transfer from C2 to C6 reestablishes indole aromaticity and completes the sequence. 





Me 
P,Pd N 
9 N 
Me 
Me (b) 


"PdP co 
== ‘ ) ( (a) 
Me 
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(a) coordination, insertion; (b) transmetallation; (c) reductive elimination. 


(0) The simplest mechanism that can be drawn for this reaction is as follows. First the Pt([V) precatalyst 
needs to be reduced to Pt(II). This can be accomplished by o bond metathesis of two Pt—Cl bonds with 
Cl,S1-H to give a Pt(IV) dihydride, which can undergo reductive elimination to give a Pt(II) species. (The 
Pt species are shown as PtCly and PtCly, but of course other ligands may be present.) The catalytic cycle 
then proceeds by oxidative addition of Cl3Si—H to Pt(II), coordination and insertion of the alkene into the 


Pt-H bond, and reductive elimination of the product, just like a Pd-catalyzed hydrogenation. 





Cl a -Cl  2HSiCl,; CI V _H (a) © bond metathesis; 
Pa ‘s — te Pa Pt s : oe . 
Cl Cl (a) Cl H (b) reductive elimination; 
(b) (c) oxidative addition; 
(d) coordination, insertion. 
Cl HSiCl, CI, Y H 
> t 
C17 (c) Cl~ ~SiCl, 
CLSi~” ~~~ sime, N (6) a| SA SiMe, 
CI IV 
SAONA sime, 
Cl SiC], 


Experiments show that the actual mechanism of this reaction is considerably more complex than the one 
shown [radicals may be involved, especially in the reduction of Pt([V) to Pt(II)], but the simple mecha- 


nism above provides a starting point for further investigation. 


(p) The reaction is a carbonylative Stille coupling. The mechanism was discussed in the text (Section 
6.3.4). 


(q) Addition of a nucleophile to an alkene is catalyzed by Pd(ID) salts. The Pd(II) coordinates to the 
alkene and makes it electrophilic, and the nucleophile attacks to give a C—Pd bond. In this case, because 
the substrate is a diene, the product is an allylpalladium(II) complex, a good electrophile. It is attacked by 
AcO~ to give the organic product plus Pd(0). O, then oxidizes the Pd(O) back to Pd(II). 


am D 
——— > -y 
SO,Ph | O2N~ |% SO,Ph 
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H 





1 pa 


kU “OAc 
H H 
nae Y AcO O; +2 H* 
Ee + Pd(0) Pd(Il) 
H SO>Ph H SO>Ph 2H 
mp4 ON >? ON °? 20 


(r) Addition of a nucleophile to an alkene is catalyzed by Pd(II) salts. The product, an alkylpalladium(II) 


compound, usually undergoes B-hydride elimination, but in this case insertion of CO occurs to give an 


acylpalladium(II) complex. 


Pd(II) by CuCl. 


Displacement of Pd(O) by MeOH gives the product. Pd(0) is reoxidized to 


Me Me 6) + Me II 
HO pqa! HO; y \ I HO Pd -H+ 
—> Pd —> — 
R (a) R R 
Me i Me Pd I Me Pd I Ş 
O Pd CO O H* O HOMe 
SS -> Ny oe 
(b) O +OH 
R R R 
5 Me P d Il ò Me P d Il 
-H* 0 uCl, Il 
Me ó OH —> MeO OH i) prod. + Pd’ ——* Pd 
R H R 


(a) coordination; (b) coordination, insertion; (c) B-hydride elimination. 


(s) This reaction is a neat twist on allylic substitution. Pd(0) (generated in situ, perhaps by oxidation of 
CO to CO>) reacts with the allylic epoxide by backside displacement to give a zwitterionic (7-allyl)Pd(II) 
complex. MeOH protonates the alkoxide, and MeO- then coordinates to Pd. The 7-allyl group is in 
equilibrium with a o-allyl group, and coordination and insertion of CO into the Pd—C o bond provides an 


acylpalladium(II) complex. Reductive elimination of the ester regenerates Pd(0). 
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(a) Sxy2-type oxidative addition; (b) ligand association; (c) insertion; (d) reductive elimination. 


(t) Pd-catalyzed substitutions of aryl halides proceed by an oxidative addition—ligand substitution— 


reductive elimination mechanism. 


Cs,CO; 
oe M nad Se 
o- 
[ 


Be ree 


(a) oxidative addition; (b) ligand substitution; (c) reductive elimination. 


(u) Make: C2—C7, N5-C6. Break: I1-C2. 


4 





3 5 6 7 3 5 
Cc PhC=CCO,Et 4~NAc 
LiCl, KOAc, Æ 
2 I cat. PA(OAc)» 2 f; Ph 
COĻEt 


The first step, as usual with aryl halides, is oxidative addition of Pd(0) to the C-I bond. This step makes 
C2 reactive. Coordination of the alkyne to Pd(II) and insertion makes the C2—C7 bond and gives an 
alkenylpalladium(II) complex. Finally, coordination of N to Pd(ID), removal of HI by the base, and 


reductive elimination provides the product and regenerates Pd(0). 
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CO,Et EtO,C Ph EtO,C Ph 


(a) oxidative addition; (b) ligand association; (c) insertion; (d) reductive elimination. 


2. (a) Make: C2-C6, O8-S19. We also remove one H from Si9 and add one to C7. Ti is in the (ID) 
oxidation state. Low-valent Ti compounds are commonly used for reductive coupling reactions. We can 


form the C6-C2 bond by such a reductive coupling. 


1CH, 9 
08 9 3 OSiHPh 
1 Peewee asih : 
3 R 
HCP TSN cat. Cp,Ti(PMe), P 
3" 6 “CH; 


Dissociation of Me3P from the 18-electron complex gives a 16-electron complex. Association of the 
carbonyl group gives a Ti(II) 7 complex that can also be described as a Ti(IV) metallaoxirane. Dissoci- 
ation of the second Me3P, association of the alkene, and migratory insertion into the C2—Ti bond gives a 


five-membered metallacycle. 


O 
ghee H3C H3C 
O  PMe3_ dissociation M HC H IV P 
ee al SF 


Cp Ti Cp,Ti-PMe Cp- Ti — <> Cp Ti 
P2 ~ PMe; P2 3 association pa | O Pz IDO 
PMe, PMe, 
Z 
IV 
CH, =- CH, Cp-Ti 
IV ligand substitution 4| 1 insertion Pa 
Cp Tim Cp Tim — O 
| ~O IV O CH, 
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We still need to form the O8—Si9 bond, break the C7—Ti bond, and regenerate Ti(II). A o bond metathesis 
between the Si9—H and Ti—O8 bonds can occur to give a very strong Si9—O8 bond and a Ti-H bond. No 
change in the Ti([V) oxidation state occurs. Reductive elimination from Ti(IV) gives the product and 


regenerates Ti(ID). 


Iv 
Ti Cpl :PMe 
CPR E \ 3 
H O o bond Ho association 
‘SiHPh CH; metathesis PhH,Si” CH; 
wy 3 
. reductive H.C 
Cpt elimination m s 
\ ————> Cp,Ti-PMe, 
Ho o 
PhH,Si’ CH; PhH,Si’ CH; 


(b) Make: C4=CS' and C4'=C5 (x' indicates that atom in another molecule). Break: C4=C5. Mo is in the 
(VI) oxidation state, so it is d?. The complex is a 14-electron complex. (The ArN= group uses the N lone 
pair to contribute another pair of electrons.) This is a ROMP reaction, i.e. ring-opening metathesis 


polymerization (Section 6.4.2). 





Compounds containing M=C bonds can undergo [2+2] cycloadditions, and this reaction allows olefin 
metathesis to occur. The Mo=C bond [2+2] cycloadds to the C4=CS bond to give a metallacyclobutane. 
A retro [2+2] cycloaddition cleaves the C4=C5 bond and makes a Mo=C4 bond. This new bond cyclo- 
adds across another C4'=CS' bond to make a new C4—CS' bond; retro [2+2] cycloaddition cleaves the 
C4=C5 bond and completes the formation of the C4=C5' bond. The process repeats itself many times 


over to make the polymer. No change in Mo’s oxidation state or d electron count occurs in any step. 


retro 


CF; hae F3 242 
T [2+2] [2+2] 
L,Mo 


CF, 
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D, a BaS 


retro 


[2+2] [2+2] 






retro 


3 [2+2] 





(c) Make: C1-C5, C2-H. Break: C5-H. Rh is in the (D) oxidation state, hence it is d8; the two acetone 


molecules are counted as two-electron donors, so it is a 16-electron complex. 


t-Bu 2 2 5 
6 5 mol% (BINAP)Rh(acetone),* PR “BU Os 
1 3 2) O a en 


Essentially the C1=C2 bond is inserted into the CS—H bond. This suggests that the Rh oxidatively adds 
across the CS—H bond. Rh can do this with aldehydes. After oxidative addition to the CS—H bond to give 
a Rh(III) complex, insertion and reductive elimination give the product and regenerate Rh(I). Solvent 


molecules may be associating or dissociating at any point in the sequence. 








O “af O 
L,Rh association, 
ee ee m 
t-Bu H oxidative addition t-Bu Rh- —H insertion 
i 
+ m + I 
L Rh O > L,Rh H O 
t-Bu reductive elimination t-Bu 


(d) Alkene isomerization can proceed by an oxidative addition (to the allylic C-H bond)/ reductive 
elimination sequence or by an insertion/ B-hydride elimination sequence. Wilkinson’s catalyst normally 
isomerizes alkenes by the first mechanism. However, in this case BuLi is added to the catalyst first. This 
will give a Rh-alkyl bond, which can decompose by B-hydride elimination (as many metal alkyls do) to a 
Rh-H bond. Now the catalyst can carry out the insertion/ B-hydride elimination sequence to isomerize the 
alkene to a thermodynamic mixture of isomers. The most conjugated alkene is the lowest in energy and is 


obtained in greatest proportion. 
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PPh, , PPh; , PPh; 
PhP- Rn-ci — Bui - pp Rh PhP Rh- H 
F N aa =- 3b 
PPh, transmetallation i B-hydride elimination PPh, 
Sugar—O Sugar—O 
a 
CH, (a) Su O I oe (b) CH, 
pe Sa a a 
Ph;P—=Rh- H CH, PPh; Ph;P=Rh- H 
PPh; PPh; 


(a) coordination, insertion; (b) B-hydride elimination. 


(e) The product is missing Cl and C8. They are lost as HyC=CHy . Make: C2=C7, C1=C8. Break: 
C1=C2, C7=C8. The Ru complex is 16-electron, d2, Ru(IV). This is another olefin metathesis reaction, 
except this time it is ring-closing metathesis. The mechanism proceeds by a series of [2+2] and retro 
[2+2] cycloadditions. The R group starts off as CH=CPho, but after one cycle R= H. 








(£) See answer to in-chapter problem 6.6. 


(g) Make: C3-C7 (x2), C4—C6 (x2), C6-C7. Ni is in the (0) oxidation state. Ni(cod), is an 18-electron 
complex. (Ph3P)2Ni(cod) is also an 18-electron complex. The fact that we are making six-membered 


rings from isolated 7 bonds suggests a cyclotrimerization. 
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Coordination of Ni(0) to the alkyne gives a m complex, which can be written in its Ni(II) resonance form. 
Coordination and insertion of another alkyne forms the new C6—C7 bond and gives a nickelacyclopenta- 
diene. Maleimide may react with the metallacycle by coordination, insertion, and reductive elimination to 
give acyclohexadiene. Alternatively, [4+2] cycloaddition to the metallacycle followed by retro [4+1] 
cycloaddtion to expel Ni(0) gives the same cyclohexadiene. The cyclohexadiene can undergo Diels-Alder 


reaction with another equivalent of maleimide to give the observed product. 








Hx Hx 
Ph.-Pp. 9 Hx—S—Hx PhP 0 PhP, E Hx —===— Hx 
SS Ni : oe > ONG] =~ 
PhP coordination PhP PhP coordination 
Hx 
O 
Hx AA 
Ph,P. HE PhPs E, 
NICI * SN NR 
Ph3P~ TASE. Ph, P^ [4+2] 
Hx 
Hx —== Hx O 
Hx O O Hx 
GH O Php E O SA Hx o 
JA O retro [4+2] RN NR 
Hx NR H O Hx 
Hx 
O 


(h) Make: C1-Si7, C6-C2, C5-H. Break: Si7-H. Y is in the (ID oxidation state in the d9, 14-electron 


complex. 


2 Ai 7 6 ger, 
1 ANNs PhSiH, 5 ae SiH,Ph 
a 7 
5 mol% Cp*,YM 
OSiR; EERE A NOS 


The overall transformation involves insertion of the C5=C6 and the C2=C1 m bonds into the Si7—H bond. 
An oxidative addition of Si-H to Y, insertion, insertion, reductive elimination sequence might occur. The 


problem with this is that the d? Y complex can’t do oxidative addition. The alternative by which the Si-H 
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bond is activated is a © bond metathesis process. Cp*7Y—Me undergoes © bond metathesis with the Si-H 
bond to give Cp*,Y—H. Coordination and insertion of the CS=C6 m bond into the Y—H bond gives the 
C5-H bond and a C6—Y bond. Coordination and insertion of the C1=C2 m bond into the C6-Y bond 
gives the key C6—C2 bond and a C1-Y bond. Finally, © bond metathesis occurs once more to make the 
C1-Si bond and regenerate Cp* Y—H. 


H—SiH,Ph Wg; (Cp*)¥. 
MeSiH>Ph (Cp), Y—H a oN 
(Cp*)>Y—Me (a) (b) (b) 
A OSiR; OSiR; 
PhH,Si~ 


YCp*, SiH,Ph 
—> (CÞP}Y—H + 
OSiR; (a) OSiR; 


(a) © bond metathesis; (b) coordination, insertion. 


(i) Make: C6-C1. Break: C6-B7. 


O 4 Bu 
lk BLA Loi, 5 
cat. Rh(acac)(CO),, By 
Ph,P(CH,)4PPh), 
MeOH, H,O 


The reaction looks like a conjugate addition. A C6-Rh bond could insert into the C1=C2 m bond. The 
C6-Rh bond could be made by transmetallation. 


B 
"\Z™ BOK); 


pw. MS 
Me Me Bu Aar] 
I — 


o 


transmetallation coordination 








Buw N Me insertion 


(j) Make: C1-C12, C2-C6, C7-C11. 
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5 8 
3 5 4 9 
2 4 6 12 cat. CL(CyaP)Ru=-cHPh 9 NEZ 9 
1 O 7 9 Il Cake iey 3E JINUTL Seh) 
g eS T Lf ~ m0 
1 12 


The overall reaction is a cyclotrimerization. Cyclotrimerizations are usually catalyzed by low-valent Co or 
Ni complexes by a reductive coupling mechanism, but the Ru=C complex lives to do [2+2] cycloaddi- 
tions, so let it. Cycloaddition to the C1=C2 bond gives a ruthenacyclobutene, which can undergo electro- 
cyclic ring opening to give a Ru=C2 2 bond. This 2 bond can do a [2+2] cycloaddition to the C6=C7 m 
bond. Another ring opening, another [2+2] cycloaddition, another ring opening, another [2+2] cyclo- 


addition, and a [2+2] retrocycloaddition give the product and regenerate the catalyst. 


—>> 


iad TRu Ea 





(k) The mechanism of this intramolecular Rh-catalyzed [5 + 2] cycloaddition proceeds by the mechanism 
shown in Section 6.2.12 (with the alkyne in the text replaced by the vinyl group in the substrate in this 


problem) or by the one shown in the answer to Problem 6.17. 


(1) This reaction is a variation of the hydroformylation reaction. Transmetallation of Rh(I)(acac) with the 
alkylmercury(I) compound gives ClHg(acac) and an alkylrhodium(I) compound. Oxidative addition of H> 
gives a Rh(III) compound, and coordination and insertion of CO gives the acylrhodium(III) compound. 


Reductive elimination then gives the product and regenerates Rh(I) — but as a Rh-H, not as Rh(acac). 
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CIHg— acac o 7 n 
Lae Ka he 


aa 
[Rh] = [Rh}— 
: 1 ag m 
O ae m (d) | m 
WN [Rh] <— [Rn}—H 
H H CO 


Once Rh(I)-H is generated, the transmetallation between it and R-HgClI gives Rh(I)—R and H-HgCl. The 
latter compound decomposes to Hg(0) and HCl. 


Hg” ClHg—H H 

HCl] + Hg g : (b) ai 
$ Rh] —> [Rh] 

HgCl | bal 

H (a) transmetallation ; 

(b) oxidative addition; 
[Rh}—-H (a) (c) (c) coordination; 
o (d) insertion; 
(e) H H (e) reductive elimination. 
O A mo (d | m 
[Rh] ~— [Rh]—H 


3. (a) Make: C1-C11, C8-C10. Break: Cl-OAc, C8-C9. Co (CO)¢—alkyne complexes are prone to 
form cations at the propargylic position because the C—Co bonds hyperconjugatively stabilize the cation. 
The C10=C11 2 bond can add to a C1 cation. Pinacol rearrangement (1,2-shift) then breaks the C8—C9 


bond. Loss of H+ from O completes the sequence. 
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\ (CO); 
ro, a 
3C Seco, H 






On: 






OMe OMe OMe 


(b) Addition of Co2(CO)g to an alkyne forms the Co7(CO)¢—alkyne complex. Propargyl cation formation 
is thereby enhanced. The Lewis acid coordinates to the less hindered OEt group, converting it into a good 
leaving group. It leaves to give the propargyl cation, which is attacked by the alkene to form the eight- 
membered ring. Loss of Me3Si* gives the product. Because of ring strain, the eight-membered ring could 
not form if the alkyne were not coordinated to Co7(CO)¢. The Co7(CO)¢ both reduces the bond angles 
around the “alkyne” C’s and reduces the entropic barrier to eight-membered ring formation by holding the 


two “alkyne” substituents near one another. 





(CO) i E 
o e o 
H 
a = Co(CO), 
SS O Co (CO) Et AlCl 
—2 CO OR 
OEt EtO 
(CO); (CO); 

Me H Co Me H Co 





Me,Si Me,Si 


(c) Make: C1-C8, C2-C6, C7-C8. Break: Co—C1, Co-C2, Co-C8. 
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Conversion of a Co7(CO)¢—alkyne complex into a cyclopentenone is the Pauson—Khand reaction. It 
proceeds by loss of CO from one Co to make a 16-electron complex, coordination and insertion of the 
C6=C7 x bond into the C2—Co bond to make the C2—C6 bond and a C7—Co bond, migratory insertion of 
CO into the C7—Co bond to make the C7—C8 bond, reductive elimination of the C1—C8 bond from Co, 
and decomplexation of the other Co from the Cl=C2 m bond. The mechanism is discussed in the text 
(Section B.1.f). 


(d) Make: C1-C11, C4-C8. Break: C8—C9. Ti is in the (IV) oxidation state, so it is d9. Since we are 
forming new bonds from C4 to C8 and C1 to C11, and both C8 and C11 are electrophiles, both C1 and 
C4 must act as nucleophiles Normally in a diene one terminus acts as a nucleophile and one terminus acts 
as an electrophile. The role of the Ti, then, is to supply the necessary electrons. But Ti(IV) is not a 


reducing agent, so the role of the Grignard reagent must be to reduce the Ti. 








010 HO 72 O10 
2 : 4 6 Ti(O-i-Pr),4/ 2 i-PrMgCl; 
r Paa a A ee 
a O~ 8 > OEt EtCHO ; Et O7 
1l 


Addition of the Grignard to Ti(O-i-Pr)4 will displace two i-PrO- groups and give (i-PrO)Ti(i-Pr)>. B- 
Hydride abstraction (or B-hydride elimination followed by reductive elimination) then gives a Ti(ID—alkene 
complex <> titanacyclopropane. Coordination of the C3=C4 m bond and loss of propene gives a new 
titanacyclopropane; coordination of O10 promotes the formation of this particular titanacyclopropane. 
Insertion of the C8=C10 bond into the Ti—C4 bond forms the crucial C4—C8 bond. Expulsion of EtO- 
from C8 gives the lactone; the EtO- can coordinate to Ti([V). There is still a Ti-C3 bond, so C3 is 
nucleophilic, as is C1 by vinylology. Nucleophilic addition of C1 to C11 and aqueous workup gives the 


product. 
l H3 l CH; CH; 
i-PrQ. iV Okt 2 i-Pr—MgCl i-PrO iv i i-PrO, IV i-PrQ Il ( 
T — Ti NON P T <> ya 
iPro `Oi-Pr = (@ i-PrO YH (>) PO i-PrO 


H3C H 
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(a) transmetallation; (b) B-hydride abstraction; (c) ligand substitution; (d) insertion; 
(e) B-alkoxy elimination; (f) coordination. 


(e) Make: C2-I, C3-—C4. Break: C2-Br. Since C4 is electrophilic, C3 must be made nucleophilic. This 


would be the role of the Zr complex. 


n-BuLi; CH3CN, A I, 
z z z 
7 Cp,Zr(Me)Cl 
Br 


3 








Addition of BuLi to ArBr results in halogen—metal exchange to give ArLi. Addition of Cp»Zr(Me)Cl to 
ArLi gives transmetallation to give Cp»Zr(Me)Ar and LiCl. We need to make a Zr—C3 bond in order to 
render C3 nucleophilic. This can be done by a B-hydride abstraction reaction to give a zirconacyclo- 
propane. Insertion of the C4=N bond into the C3—Zr bond gives the crucial C3—C4 bond. We still need 
to form the C2-I bond. Addition of I, cleaves the C2—Zr bond and gives the C2-I bond. Aqueous 
workup cleaves the N—Zr bond to give the observed product. 


H.C 
Li——n-Bu aires < Cl x 
Cp Zr B-hydride 
Br a transmetallation 2 iN 
MeN H abstraction 


OCH; Cp, 


pAr OCH, 
OLEN 
Cp Zr 
insertion Oo er a 


metathesis 
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2 I 
CpoZr OCH, OCH, 
\ work-up H 
H;C H3C 


(f) This reaction proceeds via mechanisms similar to the previous two problems. The Grignard reagent 
reduces Ti(IV) to a Ti([J)—propene complex. Exchange of propene with the imine gives a titanaaziridine 
complex. Insertion of the alkyne into the C—Ti bond gives a titanapyrrolidine. Addition of I, cleaves the 


C-Ti bond in favor of a C-I bond. Aqueous workup then gives the product. 


(g) Make: C2—C3. C3 is electrophilic, so C2 must be made nucleophilic. 


O 
O 
3 
mA nA 
LY 
Cp»Zr(H)Cl_ CuBr-SMe, Phy w 





Bu SS 





Addition of an alkene to a compound containing a metal—H bond usually results in insertion, and it does in 
this case, too, to give the stabler 1° alkylmetal. Addition of CuBr to this complex might result in 
transmetallation, to give a C2—Cu bond. Addition of the copper compound to the unsaturated imide gives 
conjugate addition, perhaps by coordination of the C3=C4 m bond and insertion into the C2—Cu bond. 
Workup gives the observed product. 


O 
3h Bu S CuBr-SMe aA 
Cp-Zr[ -> Cpr = Lu N Me~ S 
Cl insertion Cl Doo 
Bu Bu 
O 
nard Me ? A 
—— Bu — 
Cu insertion O 
La L,Cu ley, 
Bu Bn 
Me OCuL, O Me O O 
k- Po S A 
nan A AA a workup: ai n 5 
Bn” Bn” 


(b) Hg(ID salts coordinate to alkenes and make them more electrophilic. In this case, the N can attack the 


alkene—Hg complex, giving an alkylmercury intermediate. 
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Pe H Het) fone CF3CO2 — Hg Bn 
BnO NBn > BnO *-NBn BnO N 
BnO BnO BnO 


OBn OBn OBn 


The NaBH; replaces the Hg—O,CCF3 bond with a Hg—H bond. 


CF;C0} > BL oN H H- Hg 


Poy Re 
BnO H—B—H BnO 
BnO l BnO 


Free-radical decomposition of the alkylmercury hydride then occurs to replace the C-Hg bond with a C-O 
bond, with the O coming from O,. The free-radical reaction gives a hydroperoxide C-OOH. 


Initiation: / \H-Hg Bn ‘Hg Bn 
1020: BnO N — BnO N 
BnO BnO 


Propagation: 


OBn OBn OBn 
BnO BnO 
ö H- Hg Bn “Hg Bn 
N OBn BnO O N —> N OBn + BnO 5 
Bn O-O- : Bn O- OH : 
OBn OBn 


Finally, the hydroperoxide is reduced to the alcohol C-OH by excess NaBHy. 


F) 
HO-O Bn | HO Bn 
BnO —B— — BnO 
o H i H ao 


(i) Make: C1-C3, C1-C10, C3-C4, C5-C9. Break: C1—Cr2, C3-Cr2. 
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The first step is cycloaddition of the Cr=C3 bond to the alkyne to make the C3—C4 bond. The 
chromacyclobutene undergoes electrocyclic ring opening to give a new Cr=C3 bond, which undergoes 
intramolecular [2 + 2] cycloaddition with the other alkyne to form the C5—C9 bond. The new 
chromacyclobutene undergoes electrocyclic ring opening to give a new Cr=C10 bond. Insertion of CO 


into the Cr=C10 bond gives the ketene, which undergoes electrocyclic ring closing to give the product. 





SS 
insertion 





3 M 
MeO ) a | aos MeO 
sœ 
O O 


1 10 


(j) Going from starting material to product, an O is replaced by a CH3 group. The CH, group must come 
from CpyTiMe>,. The missing O must go to Ti. The question is, which O is the missing one: O8 or O9. 
Even though the product has a carbonyl, that does not mean that the carbonyl O in the product is O9, as in 
the starting material. In fact, because O9 in the starting material is more reactive, it in fact is the one that 
reacts with Ti and ends up excised from the starting material. Make: C1-C10, C7—C10, O9-Ti. Break: 
C3-08, C7-09, Ti-C10, Ti-C11. 


z 10 
l a ie Ge Cp-Ti< a Cp Ti=0 
Ò O 6 A Il 
8 le H—Me 
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The first step is o-hydride abstraction in CpyTiMe, to cleave the C11—Ti bond and give CpyTi=CH). This 
compound undergoes [2 + 2] cycloaddition with the C7=O9 bond to give new C7-—C10 and O9-Ti bonds, 
and [2 + 2] retrocycloaddition cleaves the Ti-C10 bond. Finally, the diene undergoes a Claisen 


rearrangement to give the product. 


Me A 
CpTi[ re — Cp Ti=CH, 





O Ô O — 
Hia [2+2] eS retro [2 + 2] 
O a, i 
TiCp, 
OBn OBn 
O —> O O 





4. Oxidative addition of Pd(0) to a cis-dihaloethylene gives an intermediate that can undergo ßB-halide 
elimination. The C-Br or C-I bond is more prone to undergo B-elimination than the much stronger C-C1 
bond. The transmetallation and reductive elimination steps of the Sonogashira coupling have more time to 
occur when a C-Cl] bond is B to Pd than when a C-Br or C-I bond is B to Pd. 


Il 


ee a | + PdX, 


x 
= R 
k A 


I 
X X Pd —S>—_ 
SK [ 5 | faster when X= Cl 
X 


faster when X= Bror I 


X 


Answers To Chapter 7 Problems. 


1. Most of the Chapter 1 problems appear as end-of-chapter problems in later chapters. 


2. The first reaction is an ene reaction. When light shines on O3 in the presence of light and Rose Bengal, 
singlet oxygen is obtained. This compound can do cycloadditions or ene reactions. If the reaction were a 


free-radical autoxidation, neither light nor Rose Bengal would be required. 





hv 
are Rose Bengal ord 
CH3 
— 
3 
CO.H : ~CO,H 





H3C 


Second reaction. Air is not required for formation of the keto-enol. The C1—C6 and O7—O8 bonds are 
broken, and a new Cl—O bond is made. It makes sense that the driving force for breaking the C1—C6 
bond should be provided by migrating C1 from C6 to O7 (note: a 1,2-shift) and expelling O8. Then O8 


can add back to C6 to give a hemiketal which can open up to the ketone. 
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Air is required for conversion of the keto-enol to the endoperoxide. The most likely reaction is autoxida- 
tion. The O2 makes bonds to C2 and C6, neither of which has an H atom attached for abstraction. But 
abstraction of H- from O7 gives a radical, A, that is delocalized over O7 and C2. Addition of O2 to C2 
gives a hydroperoxy radical, which abstracts H- from O7 of the starting material to give a hydroperoxide 
and A again. The hydroperoxide thus obtained can then add to the C6 ketone in a polar fashion to give the 


observed hemiketal. 


Initiation: 
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CO,H 


The fourth reaction is transformation of the aldehyde into an acetal. This proceeds by acid-catalyzed 
addition of an alcohol to the carbonyl, loss of H2O, and then addition of the acid O to the carbocation. 
Other perfectly correct sequences of steps could be written here. 
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O>H 


3. (a) Compound 1 is obviously made by a Diels-Alder reaction between cyclopentadiene and methyl 
acrylate. Cyclopentadiene is made from the starting material by a retro-Diels—Alder reaction. The product 


is obtained stereoselectively because of endo selectivity in the Diels—Alder reaction. 


abe A 
s 7 7 Ome 


The starting material is called “dicyclopentadiene”. Cyclopentadiene itself is not stable: it dimerizes to 
dicyclopentadiene slowly at room temperature by a Diels—Alder reaction. It does this even though it is not 
an electron-deficient dienophile, demonstrating the enormous reactivity of cyclopentadiene as a diene in the 


Diels—Alder reaction. 


(b) LDA is a strong base. Compound 2 is obtained from the enolate of 1 by a simple Sy2 substitution 


J HY NEPO y i ~~ ~omom y 
HN 3 œS OCH, 
i O 


OCH; 


reaction. 





Now DMSO is treated with NaH, then with 2, then with Zn and NaOH, to give overall substitution of 
CH; for CH30. The CH3 group must come from DMSO, so we need to make a new bond between the 
DMSO C and the C=O carbon. NaH is a good base; it deprotonates DMSO to give the dimsyl anion. This 
adds to the carbonyl C, and then loss of MeO- occurs to give the B-ketosulfoxide. This is a very good 
acid (like a 1,3-dicarbonyl), so it is deprotonated under the reaction conditions to give the enolate. 

Workup gives back the B-ketosulfoxide. This part of the mechanism is directly analogous to a Claisen 


condensation. 
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To get to 3, we need to cleave the S—C bond. Zn is an electron donor, like Na or Li. Electron transfer to 
the ketone gives a ketyl, which undergoes fragmentation to give the enolate. The second electron from the 


Zn goes to the S leaving group to give MeSO-. Workup gives the methyl ketone. 


H H H H H 
o 
work-u 
7s a > H O 
HC 
H H H 


(c) The conversion of 3 to 4 is a [2+2] cycloaddition, the Paterno—Biichi reaction. This four-electron 


reaction proceeds photochemically. 


(d) The conversion of 4 to 5 is an E2 elimination. 


R -N(j- 
/ N(i-Pr), R r 
4H 
OL) C OH 
H, 


The conversion of 5 to 6 is a Swern oxidation. The O of DMSO is nucleophilic, and it reacts with oxalyl 
chloride. CI- then comes back and displaces O from S to give a S electrophile. The OH of 5 is then 
deprotonated, whereupon it attacks S, displacing Cl-. Then deprotonation of a Me group and a retro- 


hetero-ene reaction occur to give the ketone. 
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-0 C O 
O 
oa Gar ey oa 


| Cl —> | oy S — 
d Sky. O Bee MO: ca 
H3C CH; O H3C CH; H3C/ NCH; / cl 
Cl Cr 
pA + CO, + CO 
HC CH, 
al R H R Te 
—> p x —> 
O O7 H3C CH3 
HAD 
EtaN: H R c H R R 
H2 à = ~N > O 
C O H O 
H< 3 2 Pe 
CH3 CH3 


The conversion of 6 to 7 is a dissolving metal reduction. Number the atoms. The key atoms are O1, C2, 
C6, C10, and C9. Make: none. Break: C3-C4. 





R 
H3Cjg 


The first step is formation of the ketyl of 6. This species can undergo fragmentation to form the C2—C3 
enolate and a radical at C4. A second electron transfer gives a carbanion at C4, which deprotonates NH3. 


Upon workup, C10 is protonated to give 7. 


| 
| 
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The conversion of 7 to 8 is a simple hydrolysis of an acetal. Acetals are functionally equivalent to 
alcohols + carbonyls and can be interconverted with them under acidic conditions. Several reasonable 


mechanisms can be drawn for this transformation, but all must proceed via Sy1 substitutions. 
Tra Tp Ce 
+ 
O~ ~OMe 9” T Me 


7 

H 
The conversion of 8 to 9 uses PPh; and Ip. The former is a nucleophile, the latter is an electrophile, so 
they react to give Phab- The P is attacked by the alcohol to give an O-P bond, and the I- then displaces 
Ph3PO from C to give the alkyl iodide. 


VO ae 
PhP: "I—II — Eer 8 _ 
+ é + 
Sie) ae mindy J pea P 9 
l ie 4 


H 





The next reaction is obviously a free-radical chain reaction. 


Initiation: AIBN —~ Ne H—SnBu; —> wa » SnBu; 
ba ly 
CN CN 


Propagation: 
O 


O H H 
7 SnBu, = + I— SnBu, 
N ` 
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— > 10 + + SnBu, 





Finally, conversion of 10 to 11 involves addition of the very nucleophilic MeLi to the ketone; workup 


gives the alcohol. Then E1 elimination promoted by the acid TsOH gives the alkene. 






CH; work-up 


` 
` 
` 
R 





4. (a) The transformation of 1 to 2 (not shown) is a simple deprotonation with LDA, followed by S2 


substitution on Se, displacing ~SePh. 


The conversion of 2 to 3 requires making C3—C6 and C4—C6, and breaking C6-S. The BuLi deproto- 
nates C6 to give a sulfur ylide. This makes C6 nucleophilic. It adds to C4, making an enolate and making 
C3 nucleophilic. The enolate at C3 then attacks C6, displacing Me>S to give the product. 








' OQ  sePh CH; 10 sePh 
2 + = 
A E, 
RD ia 
Buli 
CH; CH; 
ES, Bisa eee — 
BO C3 HG TCH 
2 
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H.C 
aN) CH; NN 


The conversion of 3 to 4 is a free-radical chain process. Note two equivalents of Bu3SnH are required. 
Make: C7-C11, Sn—Se8. Break: Se8—C7, C3—C4. Let’s deal with the Se first. After initiation, BuzSn- 
abstracts SePh from C7. The C7 radical then adds to C11, giving a radical at C12 which abstracts H from 
Bu3SnH to regenerate -‘SnBu3. The C3—C4 bond still needs to be broken, and C3 and C4 both need to 
have H attached to them. We know that a cyclopropane ring cleaves very easily if a radical is generated at 
a C attached to it, e.g. at C2. We can generate a radical at C2 by having Bu3Sn- add to O1. Then the C3- 
C4 bond cleaves, making a C4 radical and a tin enolate at C3-—C2-O1. The C4 radical abstracts H from 


Bu3SnH to propagate the chain. The tin enolate is protonated upon workup to give 4. 


8 H 71- CH 
10 SePh E 12 3 
2 Bu,SnH 
3 10 
cat. AIBN 
4 4 










Initiation: 


Propagation: 
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(b) LiAlHy is a source of very nucleophilic H~. It must add to an electrophilic C. If you obey Gross- 
man’s Rule, you will see that C4 and C6 in the product have extra H’s. Of these two only C6 is electro- 
philic, because when H- adds to C6, a very stable (aromatic) cyclopentadienyl anion is obtained. This 
anion is protonated at C4 upon workup to give the alcohol. (Actually, the anion can be protonated on C3, 
C4, or C5, but all three isomers are in equilibrium with one another, and only the isomer protonated on C4 
is able to undergo the subsequent Diels—Alder reaction.) When the alcohol is oxidized to the ketone, the 
C9=C10 m bond becomes electron-deficient and electronically suitable to undergo an intramolecular Diels- 


Alder reaction with the cyclopentadiene to give 6. 


4. 6-7 
8 
CH; 1) LiAlH, 1 9 
2) Al(O-i-Pr)3, 3 10] CH 
CH, acetone 11 k 6 
i of CH, 
= CH; work-up 
' He 
H 
CH3 
HO 
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(c) Make: C4-C11. Break: C3-C4. The first step is electron transfer to form the ketyl. Fragmentation of 
the C3-C4 bond occurs to give a radical at C4, which can add to C11 to make the C4—C11 bond and put 
the radical on C12. A second electron transfer gives a carbanion at C12. Upon workup it is protonated, 


as is C14, to give 8. 


THF 





CH, work-up 8 





The product is a y,6-unsaturated carbonyl compound (a 1,5-diene), hinting that the last step is a Claisen 


rearrangement. 





The diazo compound combined with the Rh(II) salt tells you that a carbenoid is involved. The carbenoid 


can be drawn in the Rh=C form or as its synthetic equivalent, a singlet carbene. In either case, C3 can 
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undergo one of the typical reactions of carbenes, addition of a nucleophile, to form the C3—O8 bond. 


After proton transfer to O4 and loss of [Rh], a Claisen rearrangement can occur to give the product. 


O 
[Rh] 
9 9 :ÔH CO,Me 
CO,Me Rh(I) 3 CO,M H3C ~ Ht 
HC ee HC = ome ~e 
E CH, \ 
N3 [Rh] | 





CH; CH; 
HO" / O / 
CO,Me work-up CO,Me 
H;C —————> HC 
O- BF; OH 


Third step. Standard ozonolysis with MeyS workup. 


HC N 3 w 
HO —\ HO \ 
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The Criegee mechanism should be drawn. The initially formed 1,2,3-trioxolane can be split up in two 


ways, one of which gives the desired aldehyde, but the mechanism can’t stop there. 





Na 
=0 ee 
OSR : O, ar PA 
— 5 —>» non 25 — Í 2 — 
\ ~N aN 
— CH; O™ CH; 
HaC 
O7 = 
: O~ G1 SMe aj or ye O SMe? 
SS — 
ae o> cu, 


Fourth step. It is not clear whether the ring O is O6 or O7. If the ring O is O6, then make: C2—OMe, C2- 
06, CS—OMe, and break: C2—O7. If the ring O is O7, then make: C2—OMe, C5-07, C5—OMe, and break: 
C5-06. 


O7 MeO 6or7 
O 
1 3 CO.Me MeOH Fu 5 s OMe 
HO “—\ noes MeO,C™: 4 
oô OH 


First step is protonation of one of the carbonyl O’s. An intramolecular addition is likely to occur faster 
than an intermolecular one. Because a better carbocation can be formed at C2 than at C5, addition of O7 to 
O5 is more likely than addition of O6 to C2. 
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OMe 





HO CO-Me HO CO Me 


It should be stressed that this mechanism is not the only reasonable one for this reaction. Any reasonable 


mechanism should avoid an Sy2 substitution, however. 


6. Make: C1-C4, C3-C8. Break: C1-02, C8-Br. The light suggests a free-radical or pericyclic reaction 


is Operative in at least part of the mechanism. 





60 6 OH 
2 
O P 4 j 7 
Naph^ / ` CH; hv, liq. NH; 
8 Br Naph” / 8 


The base may deprotonate either C3 or C4. Deprotonation of C3 makes it nucleophilic. We need to form 
anew bond from C3 to C8 via substitution. The mechanism of this aromatic substitution reaction could be 
addition—elimination or Spnl. The requirement of light strongly suggests Spnl. See Chap. 2, section 
C.2, for the details of drawing an Spy! reaction mechanism. 


O 
O 
J e ae Gip a CH 
Naph CH, Tli N liq. NH; Naph 
Br 


After the substitution is complete, all that is required is an aldol reaction, dehydration by Elcb, and 


deprotonation. Workup then gives the product. 
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O 
CH; aldol Elcb 
Naph — x 
Naph 
b OH 
O O` OH 
Z 
(Xa PONM CS 
œ  Naph Naph Naph 
H H H H 


Alternatively, deprotonation of C4 makes it nucleophilic, and an aldol reaction and dehydration by Elcb 


gives an enone. 


O 


J : CH, aldol Elcb ZA Naph 
Naph CH, 


Br Br 


We still need to form C3—C8. Deprotonation of C3 gives a dienolate. The more stable, (E) isomer will 
form. Light causes this isomer to isomerize to the (Z) isomer. An electrocyclic ring closing, which may 
also require light because it destroys aromaticity, gives the C3—C8 bond. Expulsion of Br- and 


deprotonation gives the conjugate base of the product. 


Br Br 


O- o> O O7 
CG 
Ne 
— — —> 
Naph Naph Naph Naph 
p es p » p p 


Br H H 7 


7. Make: C3—C11, N6-C11, C7-C9. Break: C11-O12. 
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4 5 
10 
3 NHB Me, ? 11 12 
f 7 i ~N CHO 
PhCO,H 





The combination of an amine and an aldehyde under weakly acidic conditions almost always gives an 
iminium ion very rapidly. Such a reaction forms the N6—C11 bond. Nucleophilic C3 can then attack this 
iminium ion to give a new iminium ion. We still need to make C7-C9. Deprotonation of C7 gives a 
neutral enamine and a 1,5-diene. Cope rearrangement of the diene gives the C7—C9 bond, but it breaks the 
C3-C11 bond that was just formed! However, C11 can be made electrophilic again by protonation of 
C10. Attack of nucleophilic C3 on C11 gives an iminium ion again, and deprotonation of C7 gives the 


product. 
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8. First reaction. Make: N1-C8, C7-C8. Break: C5—Si6, C8—O9. 
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The combination of an amine and an aldehyde under weakly acidic conditions almost always gives an 
iminium ion very rapidly. Such a reaction forms the N1—C8 bond. Nucleophilic C7 can then attack this 


iminium ion to give a carbocation. Fragmentation of the C5—Si6 bond gives the product. 
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Second step. Make: C5-C10. Break: C5-Br. 
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The catalytic Pd complex and the aryl bromide together suggest the first step is oxidative addition of Pd(0) 
to the C5-Br bond. (The reduction of Pd(II) to Pd(O) can occur by coordination to the amine, B-hydride 
elimination to give a Pd(II)—H complex and an iminium ion, and deprotonation of Pd(ID—H to give Pd(0).) 
The C10-C11 m bond can then insert into the C5—Pd bond to give the C5-C10 bond. B-Hydride elimina- 
tion then gives the C1 1—C12 m bond and a Pd(II)—-H, which is deprotonated by the base to regenerate 


Pd(O). The overall reaction is a Heck reaction. 
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